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Experiments  to  Measure  Armature  Wear  Part  1: 
Wear  Measurements  on  the  KJ202  Armature 

Francis  Stefani  and  Jerry  Parker 


1.  Introduction 

One  of  the  research  objectives  of  the  Hypervelocity  Launch  group  during  1997  was  to  under¬ 
stand  armature  wear,  with  the  eventual  goal  of  developing  a  predictive  model.  To  this  end  we 
conducted  sixteen  experiments  to  measure  wear  at  various  conditions. 

This  report  describes  the  first  ten  experiments  which  directly  measured  wear  in  a  typical  C- 
shaped”  railgun  armature.  A  second  report,  “Experiments ,  to  Measure  Mechanical  Wear  at 
Hypervelocity,”  describes  six  subsequent  experiments  which  measured  purely  mechanical 
wear  using  a  special  test  fixture. 

This  report  is  organized  as  follows.  Section  2  describes  the  objectives  and  our  state  of  under¬ 
standing  at  the  outset  of  the  research.  We  also  comment  on  some  prior  work  in  related  areas. 
Section  3  describes  the  techniques  developed  for  making  in-bore  wear  measurements.  Section 
4  summarizes  the  first  ten  experiments.  Section  5  presents  a  physical  interpretation  of  the 
data;  our  conclusion  is  based  in  part  on  the  results  of  the  mechanical  wear  tests,  even  though 
these  are  not  discussed  in  detail  in  this  report.  Four  appendices  following  Section  5  present 
the  data  from  the  experiments  in  a  form  that  can  be  used  to  test  models  of  armature  wear. 


2.  Background 

Although  wear  in  sliding  electric  contacts  has  been  studied  extensively  at  low  velocities 
(100  m/s  or  less),  the  phenomenon  constitutes  uncharted  territory  at  conditions  of  interest  m 
railguns.  This  is  because  the  conventional  techniques  used  to  study  contact  wear  (pin-on-disk- 
type  devices),  are  difficult  to  build  for  the  velocities  and  pressures  typical  of  railgun  launches. 
An  alternative  approach  is  to  make  wear  measurements  directly  inside  the  bore  of  a  railgun. 

In  1997  the  Electrodynamics  group  at  the  Institute  for  Advanced  Technology  (IAT)  set  about 
measuring  how  much  material  is  lost  from  an  armature  during  launch.  We  were  motivated  by 
the  belief  that  armature  wear  might  be  a  factor  in  the  transition  of  a  solid  armature  to  arcing 
contact,  and  that  by  understanding  and  controlling  wear  we  might  be  able  to  delay  the  onset  of 

transition. 

Because  the  conditions  at  which  armature  wear  occurs  are  so  untypical,  there  was  very  little 
prior  data  from  which  to  base  our  study.  In  the  EML  literature,  there  are  no  reports  of  arma¬ 
ture  wear  measurements,  (although  several  works  have  focused  on  the  transition  behavior  of 
specific  armatures).  In  the  literature  on  sliding  electric  contacts  and  frictional  wear,  there  are 
only  a  few  papers  reporting  experiments  at  velocities  greater  than  500  m/s.  These  are 
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•  wear  measurements  made  at  speeds  550  and  600  m/s  on  a  large  pin-on-disk  device  at  the 
Franklin  Institute  [1,2]. 

•  basic  studies  of  high  speed  wear  by  Bowden  and  co-authors  [3,  4]  using  metal  spheres 
magnetically  suspended  and  spun  to  tip  speeds  of  up  to  800  m/s. 

A  general  result  found  by  all  the  investigators  is  that  the  coefficient  of  friction  decreases  with 
increasing  speed  (suggesting  that  the  process  is  not  truly  friction  in  the  conventional  meaning 
of  the  term).  There  is  more  data  for  speeds  below  500  m/s,  but  it  is  marginally  relevant  since 
over  90%  of  armature  wear  occurs  at  greater  than  500  m/s. 

Accordingly,  at  the  outset  of  this  study  we  knew  very  little  with  certainty  about  armature  wear. 
What  we  knew  was  based  on  what  can  be  deduced  from  comparing  conditions  before  and  after 
a  shot. 

•  Muzzle  x-ray  photographs  show  that  by  the  time  an  armature  leaves  the  gun,  a  consider¬ 
able  amount  of  aluminum  has  been  removed  from  the  trailing  arms  of  the  armature  (see 
Fig.  1).  There  is  no  way  of  knowing,  however,  how  much  aluminum  is  lost  prior  to  the 
transition  to  arcing  contact,  although  it  is  reasonable  to  assume  that  most  is  lost  from 
exposure  to  the  arc  discharge. 

•  Rails  removed  from  the  launcher  after  a  shot  show  a  pattern  of  resolidified  aluminum  that 
suggests  a  uniform  rate  of  material  loss  from  the  armature  up  to  the  point  of  transition. 
There  is  no  way,  however,  of  knowing  whether  the  residual  aluminum  left  on  the  rail  is  the 
only  aluminum  that  was  removed  from  the  armature.  The  possibility  exists  that  a  signifi¬ 
cant  portion  of  removed  aluminum  reacts  in  the  bore  to  become  aluminum  oxide  dust,  and 
is  expelled  into  the  catch  tank. 

•  Rails  removed  from  the  launcher  show  regions  with  differing  patterns  of  resolidified  alu¬ 
minum,  as  shown  in  Fig.  2.  The  most  interesting  pattern  of  deposition  is  at  the  starting 
position  of  the  armature.  The  central  portion  of  the  track  shows  a  burnished  finish  indi¬ 
cating  little  or  no  wear,  whereas  the  outer  edges  of  the  track  show  thick  deposits  of 
resolidified  aluminum.  This  condition  rapidly  evolves  (within  three  armature  lengths,  or 
10  cm)  to  one  of  a  uniform  residue  of  resolidified  aluminum,  approximately  15- 
20  microns  thick,  that  does  not  adhere  well  to  the  rails.  This  region  persists  for  20-40  cm 
and  evolves  into  a  similar  region  of  aluminum  that  adheres  to  the  rails. 

What  can  be  inferred  from  these  observations  is  that  initially,  skin  effect  heating  is  the  prin¬ 
cipal  cause  of  aluminum  loss  from  the  armature,  acting  principally  at  the  edges.  Beyond  the 
first  10  to  15  cm  of  travel,  the  root  cause  of  wear  is  not  obvious,  since  at  this  point  the  arma¬ 
ture  is  moving  faster  than  500  m/s  and  therefore  mechanical  (viscous  heat  generation)  and 
electrical  heating  are  both  potentially  significant.  With  regards  to  the  difference  between  the 
adhering  film  and  nonadhering  film,  it  is  possible  that  the  degree  of  adhesion  is  related  to  the 
peak  temperature  of  the  molten  aluminum  film  at  the  interface  (initially  the  film  might  not  be 
hot  enough  to  reduce  the  surface  oxide  layer  and  form  a  bond  to  the  underlying  copper).  This 
remains  an  open  question. 
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Fig.  1.  X-ray  photographs  showing  the  extent  of  material  loss  from  KJ202  armature 
during  launch,  a)  static  x-ray  and  b)  in-flight  x-ray  at  muzzle  exit. 


f  "Burnished”  region  Non-adhering  aluminum  Adhering  aluminum 
|  (dry  sliding)  film  region  film  region 

I  0  to  1 0  cm  1 0  to  40  cm  40+  cm 


Fig.  2.  Patterns  of  residual  aluminum  on  copper  rails  after  a  test  on  the  MCL. 


3.  Techniques  for  Measuring  Armature  Wear 

The  first  problem  encountered  in  this  research  was  how  to  measure  armature  wear  in  a  railgun. 
Recovering  armatures  in  good  enough  condition  to  make  measurements  is  not  practical  above 
1  km/s.  Inferring  wear  from  material  left  on  the  rails  is  problematic  for  two  reasons:  i)  it  is  dif¬ 
ficult  to  accurately  measure  the  volume  of  the  resolidified  aluminum,  and  ii)  there  is  no  way  of 
knowing  with  certainty  whether  the  deposited  aluminum  constitutes  all  the  aluminum  that  was 
removed  from  the  armature. 

The  first  technique  we  developed,  designated  the  “wear  pin”  technique,  gives  good  results  on 
softer  rail  materials  up  to  a  velocity  of  1.7  km/s.  This  method  involves  using  0.5-mm  diameter 
pins  embedded  in  the  armature.  They  become  exposed  through  loss  of  material,  leaving  marks 
on  the  rails  from  which  the  wear  can  be  inferred. 

The  second  technique  is  to  make  measurements  from  X-ray  photographs  of  the  armature  in 
the  bore.  The  techniques  are  complementary.  Wear  pins  are  better  suited  for  making  measure¬ 
ments  early  in  the  launch,  when  the  bulk  of  the  armature  is  still  relatively  cold;  in-bore  X-rays 
provide  more  useful  information  later  in  the  launch,  when  there  is  visible  erosion  of  the 
armature. 

Wear  Pin  Technique 

The  best  way  to  explain  the  wear  pin  technique  is  to  describe  the  steps  involved  in  making  a 
measurement.  The  procedure  is  as  follows. 

1.  A  batch  of  pins  is  prepared  so  that  all  the  pins  have  the  same  length,  diameter,  and  ends  that 
are  faced  off.  We  have  found  that  0.50-mm  diameter,  tungsten  welding  electrodes  work  best. 
Tungsten  is  an  ideal  material  because  it  is  harder  than  copper,  and  retains  its  strength  at  the 
melting  temperature  of  aluminum.  The  length  of  pins  used  in  most  of  the  tests  was  around 
1.5  mm. 

2.  Holes  for  the  pins  Eire  drilled  to  known  depths  at  various  points  in  an  Eirmature.  The  depth 
must  be  equal  to  the  length  of  a  pin,  plus  an  amount  equal  to  the  wear  to  be  measured  by  the 
pin.  The  technique  works  best  for  measuring  wear  from  0  to  1  mm.  The  ideal  tool  for 
making  the  holes  is  a  high-speed,  precision  drill  press  with  a  gauge  to  indicate  depth.  The 
holes  can  be  anywhere  on  the  face  of  the  armature;  however,  two  holes  should  not  be 
directly  in  line  with  each  other  in  the  direction  of  motion.  We  separate  wear  tracks  by  a 
couple  of  millimeters  so  that  in  the  armature  wear  tests  (Section  3)  there  are  typically 
between  12  and  16  wear  pins  per  armature  face.  See  Fig.  3. 

3.  Pins  are  driven  into  the  holes  using  a  hammer  and  another  pin  until  they  are  firmly  seated 
against  the  bottom  of  the  holes.  Using  the  drill  press  as  a  depth  gauge,  the  final  depth  of  each 
pin  below  the  surface  is  measured  and  recorded. 
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4.  After  shooting  a  prepared  armature,  the  rails  are  recovered  for  inspection.  At  this  point  it  is 
possible  to  see  approximately  where  on  the  rail  wear  each  track  originates.  Greater  accuracy 
is  achieved,  however,  if  aluminum  deposited  by  the  armature  is  removed  from  the  rail.  This 
is  accomplished  using  sodium  hydroxide  as  an  etchant.  Because  our  armatures  are  made  of 
7075  aluminum,  a  second  etching,  with  mild  hydrochloric  acid,  is  used  to  remove  alloying 
elements  (chromium  and  magnesium).  Wear  tracks  on  a  completely  etched  rail  are  shown  in 
Fig.  4. 


Fig.  3.  Close-up  of  an  armature  used  in  a  wear  experiment  The  small  holes  are 
0.5  mm  in  diameter  and  contain  tungsten  wear  pins  buried  to  various  depths. 


Fig.  4.  Close-up  of  wear  tracks  on  a  copper  rail  after  aluminum  has  been  removed  through 
chemical  etching.  Seven  tracks  are  distinctly  visible.  The  middle  track  is  emerging,  that  is,  a  pin 
is  beginning  to  interact  with  the  rail  at  this  location.  The  axial  distance  required  for  a  well-pre¬ 
pared  pin  to  establish  an  unambiguous  track  is  less  than  two  centimeters. 
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In-Bore  X-rays  for  Measuring  Wear 

The  second  technique  for  measuring  wear  is  based  on  taking  X-rays  of  the  armature  while  it  is 
in  the  bore.  We  were  prompted  to  develop  this  technique  because  wear  pins  proved  ineffective 
once  thermal  softening  penetrates  deeply  enough  that  the  pins  are  not  supported  by  the  arma¬ 
ture  material. 

The  biggest  difficulties  with  taking  X-rays  in  bore  are:  i)  creating  an  X-ray  window  that  does 
not  compromise  the  strength  of  the  railgun  containment,  and  ii)  developing  a  compact  film 
holder  that  fits  inside  the  bottom  insulator  segments  of  the  gun. 

The  X-ray  window  we  developed  is  shown  in  Fig.  5.  It  takes  advantage  of  the  fact  that  the  con¬ 
tainment  of  the  Medium  Caliber  Launcher  (MCL)  is  composed  of  many  laminations. 
Removing  two  out  of  every  three  laminations  over  short  sections  of  the  barrel  creates  “partial” 
windows  into  the  bore.  To  avoid  bending  the  remaining  laminations  during  launch,  the  empty 
spaces  are  filled  with  Lexan,  three  of  which  can  be  seen  in  Fig.  5.  An  in-bore  X-ray  of  the  KJ- 
200  armature  (discussed  below)  taken  during  one  experiment  is  shown  in  Fig.  6.  The  white 
vertical  lines  are  shadows  of  the  remaining  containment  laminates. 


Fig.  5.  Section  of  the  MCL  containment  modified  to  allow  partial  X-ray  access  into 
the  bore.. The  electrical  connection  emerging  from  the  first  slit  is  a  two-turn  coil 
(not  visible)  used  to  sense  the  arrival  of  the  armature  and  trigger  the  X-rays. 
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Fig.  6.  In-bore  X-ray  of  the  rail/armature  interface.  The  horizon¬ 
tal  boundary  at  the  bottom  of  the  photograph  is  the  rail.  The 
white  vertical  bars  are  the  shadows  of  retained  containment  lami¬ 
nations. 


The  film  package  is  a  custom-made  assembly  consisting  of  a  strip  of  film  (Kodak  XAR5) 
sandwiched  between  two  BioEarth  Lanthium  Oxybromide  intensifier  screens,  wrapped  in  two 
turns  of  0.1 -mm  thick  black  vinyl.  The  film  package  resides  in  a  1.25-mm  deep  slot  on  the 
bottom  of  the  bore-insulating  sections.  Taking  in-bore  X-rays  requires  assembling  the  gun 
around  the  film  package. 


4.  Overview  of  Armature  Wear  Tests 

The  first  series  of  tests  sought  to  characterize  wear  in  an  armature  designated  the  KJ202.  The 
KJ202  is  a  lightweight,  compliant,  armature  made  of  7075  Aluminum.  It  performs  consis¬ 
tently  well  in  the  40-mm  square  bore  MCL.  We  used  a  version  of  the  KJ202,  shown  in  Fig.  5, 
in  which  channels  are  milled  into  each  contact  face  to  form  36  discrete  pads.  This  modifica¬ 
tion  adds  compliance  to  the  armature  and  was  found  in  earlier  tests  to  suppress  the  onset  of 
gouging. 

Initial  pressure  at  the  contact  face  is  provided  by  an  interference  fit  with  the  bore  of  1  mm  at 
the  trailing  edge.  The  interference  fit  creates  an  average  pressure  of  about  1  ksi  (7  MPa). 


Fig.  7.  Drawing  of  KJ202  Armature  used  in  the  wear  experiments.  The  chan¬ 
nels  in  the  contact  surface  improve  the  performance  of  the  armature. 
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A  summary  of  the  test  matrix  is  shown  in  Table  I.  The  first  four  tests  were  carried  out  under 
identical  conditions  in  order  to  see  the  amount  of  statistical  scatter  intrinsic  to  the  wear  pin 
technique.  The  conditions  for  these  tests,  summarized  in  Table  II,  correspond  to  typical  launch 
conditions  for  the  KJ202  on  the  MCL.  The  current  pulse,  shown  in  Fig.  6,  is  nearly  constant 
for  the  portion  of  the  launch  during  which  wear  measurements  are  made.  Examples  of  the 
other  data  traces  recorded  during  the  first  four  tests  are  included  in  Appendix  A. 


Total  current  from  modulo  Rcgovwtfcb  lor  oho t  number  97020701 


Fig.  8.  Plot  of  current  vs.  position  for  a  typical  experiment  on  the  MCL. 


TABLE  I 

TEST  MATRIX  FOR  ARMATURE  WEAR  MEASUREMENTS 


Name 

MCL: 

Description 

Mass 

(g) 

VEXIT 

(km/s) 

Iavg. 

(kA) 

57 

STANDARD  CONDITIONS 

166.1 

2350120 

9401 10 

58 

STANDARD  CONDITIONS 

166.1 

2350120 

940 1  10 

59 

STANDARD  CONDITIONS 

169.4 

2440150 

945110 

63 

STANDARD  CONDITIONS 

171.2 

2250120 

9501  10 

71 

LOW-VEL.  LOW-CUR.  #1 

169.9 

19401 10 

8501  10 

73 

HIGH-VEL,  NORMAL-CUR. 

136.7 

2750120 

9601 10 

75 

NORMAL- VEL.LOW-CUR. 

136.8 

2250150 

855 1  10 

76 

LOW-VEL.  LOW-CUR.  #2 

170.7 

1950150 

855 1  10 

84 

LOW-VEL.  HIGH-CUR.  #1 

281.5 

2000  1  20 

1175110 

88 


LOW-VEL.  HIGH-CUR.  #2 


293.2 


2150150 


1150120 


TABLE  II 

“STANDARD  CONDITIONS”  FOR  ARMATURE  WEAR  MEASUREMENTS 


Launch  Package 

KJ202  Vented  Bar;  lex  an  bore  rider 

Mass 

166.15  g 

Bank  Charge 

14.0  kV 

Peak  Current 

972.9  kA 

Average  Current 

940  ±  10  KA  (average  value  for  first  40  cm) 

Derived  V 

0.39  |aH/m 

Acceleration 

1.04  X  106  m/s2 

Exit  Velocity 

2350  ±20  m/s 

Results  of  the  first  four  tests  are  summarized  in  Figs.  9  and  10.  Each  plot  shows  wear  in  a  spe¬ 
cific  region  of  the  armature.  Fig.  9  shows  wear  for  the  three  rows  of  pads  nearest  the  trailing 
edge.  Fig.  10  shows  wear  for  the  next  three  rows  of  pads.  No  plot  is  shown  for  the  two  rows 
nearest  the  leading  edge  as  we  did  not  make  enough  measurements  to  extract  any  meaningful 
trends.  Each  plot  contains  two  curves,  corresponding  to  the  inner  and  outer  column  of  pads. 
Each  data  point  corresponds  to  a  particular  wear  pin  in  a  particular  experiment.  The  y-axis  is 
the  initial  depth  of  the  wear  pin.  The  x-axis  is  the  axial  position  on  the  rail  at  which  the  pin 
track  first  appears.  The  uncertainty  in  pin  depth,  typically  ±  0.025  mm,  is  based  on  the  resolu¬ 
tion  of  the  depth  indicator  on  the  drill  press.  The  uncertainty  in  axial  position  reflects  the 
precision  with  which  we  could  establish  visually  the  onset  of  a  wear  track. 

The  results  of  the  tests  can  be  summarized  as  follows: 

1.  There  is  a  reasonably  good  straight  line  fit  to  the  data.  That  is,  the  armature  wears  at  a 
steady  rate  of  about  0.65  ±  0.05  mm  per  meter  of  travel  down  the  bore.  This  wear  rate  cor¬ 
responds  to  laying  down  a  film  of  aluminum  with  an  average  thickness  of  0.015  mm.  It  is 
consistent  with  measurements  we  have  made  on  residual  aluminum  that  did  not  adhere  to 
the  rails.  Using  a  precision  micrometer  with  a  small  anvil,  we  have  found  the  recovered  alu¬ 
minum  to  be  about  0.020  mm  thick.  The  discrepancy  of  25%  in  the  measurements  is 
expected  since  the  recovered  aluminum  is  not  a  uniformly  thick  film. 

2.  The  wear  rate  is  reasonably  even  across  the  face  of  the  armature.  The  outer  edges  initially 
wear  faster  than  the  inner  regions,  and  the  trailing  edge  wears  on  average  slightly  less  than 
the  center,  but,  on  the  whole,  all  parts  of  the  armature  appear  to  wear  uniformly  to  within 
one  or  two-tenths  of  a  millimeter.  Individual  plots  of  wear  data  for  each  pin  location  on  the 
armature  are  presented  in  Appendix  D. 

3.  The  inner  columns  do  not  begin  to  wear  until  the  armature  has  moved  about  10  centimeters. 
This  is  evidenced  in  Fig.  9  by  the  x-intercept  value  of  18  cm  in  the  regression  fit.  The  same 
trend  appears  in  Fig.  10  where  the  data  for  pins  buried  flush  with  the  surface  (depth  =  0)  of 
the  armature  do  not  begin  to  wear  until  the  armature  has  traveled  between  five  and  ten 
centimeters. 
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Fig.  9.  Results  of  Armature  Wear  Experiments  for  pins  located  on  the  first  three  rows 
of  pads  nearest  the  trailing  edge. 
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Fig.  10.  Results  of  Armature  Wear  Experiments  for  pins  located  in  the  central  por¬ 
tion  of  the  armature. 


Six  additional  tests  were  performed  in  which  current  and  exit  velocity  were  systematically 
varied  without  altering  the  basic  experimental  setup.  Independent  variations  in  exit  velocity  of 
±  400  m/s  (±  17%),  and  variations  in  current  of  +130/-90  kA  (+13%  /  -10%)  were  accom¬ 
plished  by  adjusting  the  launch  package  mass,  the  bank  voltage,  or  both.  It  should  be  noted 
that  because  “contact”  surface  pressure  is  coupled  to  current  in  “C-shaped”  armatures,  tests 
conducted  with  differing  currents  had  differing  face  pressures. 
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The  tests  did  not  reveal  any  significant  relationships  discernible  outside  the  scatter  in  the  data; 
this  is  explored  in  greater  depth  in  Appendix  C.  From  this  result  we  concluded  that  wear  is 
fairly  insensitive  to  small  variations  in  velocity  and  current.  Extending  the  range  of  experi¬ 
mental  conditions  to  higher  currents  and  exit  velocities  was  not  deemed  possible.  This  is 
because  in  a  “C-shaped”  armature  it  is  difficult  to  vary  parameters  appreciably,  let  alone  inde¬ 
pendently,  while  retaining  the  same  armature. 


5.  Discussion 

The  objective  of  this  work  was  to  develop  an  experimental  database  that  can  be  used  to  guide 
the  development  of  a  predictive  model  of  armature  wear.  To  this  end,  we  conducted  10  exper¬ 
iments  in  which  we  measured  wear  of  a  KJ202  armature  inside  the  MCL  launcher  at  the  I  AT. 
The  aim  of  this  section  is  to  discuss  our  results  in  the  context  of  a  theoretical  framework  that 
can  be  applied  to  understanding  armature  wear. 

We  have  identified  three  classes  of  models  that  attempt  to  explain  surface  erosion  in  metal  ar¬ 
matures.  These  are 

•  “Melt  Wave  Models”  of  armature  wear,  which  focus  on  skin  effect  heating  as  the  principal 
cause  of  wear  [5-10].  According  to  this  view,  skin-effect  heating  leads  to  localized 
melting  and  loss  of  aluminum  at  the  perimeter  of  the  rail/armature  interface.  This  creates 
an  erosion  front  which  progresses  in  toward  the  center  of  the  armature  until  magnetic 
forces  cause  the  armature  to  separate  from  the  rail.  This  is  a  well  established  view  in  the 
EML  community  of  what  causes  armatures  to  wear  and  transition. 

•  ‘Melt  Lubrication  Models,”  found  in  the  literature  on  high-speed  friction  and  wear,  which 
consider  the  processes  by  which  a  molten  liquid  film  between  sliding  and  guiding  surfaces 
is  sustained  by  intense  viscous  heating  [11-13]. 

•  “Sliding  Electric  Contact  Models,”  which  analyze  the  physics  of  imperfect  electric  con¬ 
tacts,  focusing  on  electrical,  thermal,  and  mechanical  aspects  of  current  flow  through 
discrete  microscopic  asperities,  or  “a- spots”  [14-15]. 

Our  experiments  show  that  in  general,  all  three  processes  produce  some  wear  in  armatures. 
However  wear  due  to  “sliding  electric  contact”  is  probably  of  negligible  importance  since  it  in¬ 
volves  contacting  surfaces  in  the  solid  state,  and  evidence  suggests  that  a  liquid  film  interface 
is  formed  quite  early  in  the  launch,  (see  Section  2). 

This  leaves  electrical  and  mechanical  heating  as  potential  mechanisms.  Our  results  provide 
several  clues  as  to  their  relative  importance.  The  experiments  suggest  that  electrical  heating 
(melt  wave  erosion)  is  the  dominant  wear  mechanisms  for  the  first  10  cm  of  travel 
(500  m/s  <  V).  Between  500  and  1000  m/s,  mechanical  heating  is  as  important  as  electrical 
heating.  When  the  armature  is  traveling  faster  that  1  km/s,  mechanical  heating  is  the  dominant 
wear  mechanism. 
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The  case  for  this  interpretation  is  as  follows: 

We  have  accurate  measurements  of  how  a  typical  armature  wears  in  the  Medium  Caliber 
Launcher  (MCL)  during  the  first  1.5  meters  of  travel;  that  is,  up  until  close  to  the  point  of  tran¬ 
sition  (typically  at  1.8  ±  0.1  m  and  a  velocity  of  1,800  m/s.)  The  wear  rate,  0.7  ±  0.005  mm 
per  meter  of  travel  down  the  bore  corresponds  to  laying  down  a  film  of  aluminum  with  an 
average  thickness  of  0.015  mm.  This  result  provides  a  basis  for  estimating  power  dissipation 
at  the  rail/armature  interface.  Defining  power  as  the  energy  needed  to  melt  0.015  mm  of  alu¬ 
minum  from  the  armature  face  divided  by  one  transit  time  of  the  armature  gives 

p(in  Watts)  =  p  w8Az(cp  AT +hf)/ ( Az/Velocity) 


=  1, 300*  Velocity (in  ^ 


where 

p  =  2,700  kg/m3density  of  aluminum 

w  =  0.036  m  contact  width 

5  =  1 .5  x  10~5  m  thickness  of  film 

Az  =  0.025  m  contact  length 

Cp  =  960  J/kgK  specific  heat  of  aluminum 

AT  =  500  K  temperature  rise 

hf  =  3.9xl05  J/kg  heat  of  fusion  for  aluminum 


The  value  of  1,300  is  only  approximate,  since  7075  Aluminum  is  an  alloy,  and  as  such  there  is 
a  range  of  reasonable  assumptions  that  can  be  made  about  the  energy  needed  to  remove  mate¬ 
rial  from  the  armature.  The  key  point  is  that  power  is  directly  proportional  to  velocity,  suggest¬ 
ing  that  the  mechanism  causing  wear  is  something  other  than  skin-effect  heating,  since  the 
uniformity  of  mass  removal  across  the  surface  of  the  armature  is  not  consistent  with  velocity 
skin  effect. 


Additional  evidence  for  the  importance  of  mechanical  heating  at  high  velocity  comes  from  six 
subsequent  experiments  in  which  we  measured  wear  in  the  absence  of  electrical  heating.  In 
these  experiments,  we  used  a  special  launch  package  to  apply  face  pressures  ranging  from  6  to 
22  ksi  to  7075  aluminum  wear  samples  in  sliding  contact  with  the  rails.  The  samples  were  elec¬ 
trically  isolated  to  ensure  that  all  wear  was  from  mechanical  heating.  The  tests  (discussed  in  a 
separate  report,  “Experiments  to  Measure  Mechanical  Wear  at  Hypervelocity”)  show  that  at 
velocities  greater  than  700  m/s,  a  face  pressure  of  15  ksi  produces  wear  that  is  comparable  to 
wear  measured  in  the  armature  tests,  about  0.7  mm  per  meter  of  travel.  From  coupled  electro¬ 
magnetic/structural  analysis  of  the  KJ202  armature  [16],  we  know  that  15  ksi  is  approximately 
the  face  pressure  in  our  tests,  thus  confirming  that  mechanical  wear  is  the  dominant  process  at 
high  velocity.  See  Fig.  11. 
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TIME  =  0.99996E-03  s 
CONTOURS  OF  X-STRESS 

MIN=-0.221E+09  IN  ELEMENT  384 
MAX=  0.31 4E+09  IN  ELEMENT  1344 


CONTOUR  VALUES  (Pa) 
A=-2.00E+08 
B=-1.78E+08 
C=-1.56E+08 
D=-1.33E+08 
E=-1.11E+08 
F=-8.89E+07 
G=-6.67E+07 
H=-4.44E+07 
l=-2.22E+07 
J=  1.20E+01 


Figure  11.  Contours  of  stress  component  normal  to  armature  face,  based  on  a  dynamic  EM/structur- 
al  analysis  of  the  KJ202  see  Ref.  [16]. 

In  general,  our  results  suggest  that  the  melt  wave  models  provide  an  accurate  picture  of  wear 
in  relatively  slow,  noncompliant  armatures.  On  the  other  hand,  our  tests  on  a  fast,  compliant 
armature  show  that  mechanical  heating  can  be  more  important  than  electrical  heating.  Which 
mechanism  dominates  is  determined  by  i)  whether  the  armature  attains  a  high  velocity  (>1 
km/s)  before  the  melt  wave  front  has  progressed  appreciably,  and  ii)  the  magnetic  pressure  and 
compliance  of  the  armature,  which  determine  whether  a  uniform  face  pressure  can  be  main¬ 
tained  to  compensate  for  loss  of  material  from  the  interface. 
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Summary  of  Appendices 

The  following  four  appendices  contain  most  of  the  data  collected  in  the  ten  armature  wear  ex¬ 
periments.  They  are  organized  as  follows. 

Appendix  A:  Typical  Data  Traces  (I,  V g^£>  ^MUZ*  E-dot  etc.) 

Appendix  B:  Summary  of  Test  Conditions ,  Lab  Notes,  and  Raw  Wear  Data 

Appendix  C:  Wear  Data  Plotted  on  a  Per-Test  Basis  as  a  Function  of  Location  on  Armature 

Appendix  D:  Wear  Data  Plotted  as  a  Function  of  Location  on  Armature 
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Appendix  A 


Typical  Data  Traces  (I,  VBRE,  VMUZ,  B-dot  etc.) 


Appendix  A  contains  data  obtained  from  MCL  58  (97020701),  one  of  the  four  “standard  con¬ 
dition”  tests.  The  time  plots  were  obtained  from  LeCroy  digitizers  sampling  at  1  MHz.  Rail  b- 
dot  signals  were  processed  to  obtain  the  velocity  time  history,  and  position  plots  by  using  an 
analysis  program  that  solves  for  a  best  fit  to  the  probe  data,  subject  to  physics-based  con¬ 
straints.  Armature  mass  and  bore  area  are  inputs  to  the  fitting  program;  a  best  fit  inductance 
gradient,  L\  is  computed.  Note  that  the  bore  area  is  not  automatically  set  equal  to  1600  mm2, 
the  physical  bore  area,  because  the  effect  of  air  pressure  is  offset  by  loss  of  armature  mass 
from  arc  erosion  The  artificially  reduced  bore  area  does  not  affect  the  curve  fit  in  the  early 
portion  of  the  launch,  but  provides  a  better  velocity  fit  late  in  launch. 

The  muzzle  voltage  trace  shows  a  transition  to  an  arc  discharge  at  1.75  meters  into  the  launch, 
that  is,  when  the  current  has  dropped  to  about  85%  of  the  peak  value.  This  transition  behavior 
is  typical  for  the  KJ202  armature. 
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Volts 


Plotted:  2/7/1997,  14:37 


Fig.  A-3.  MCL  gun  velocities  vs.  time  from  rail  B-dot  coils  for  shot  number  97020701. 


Fig.  A-4.  MCL  gun  velocities  vs.  position  from  rail  B-dot  coils  for  shot  number  97020701, 


Fig.  A-7.  Current2  and  action  vs.  time  from  Rogowskis  for  shot  number  97020701. 


Fig.  A-8.  Current2  and  action  vs.  position  from  Rogowskis  for  shot  number  97020701. 
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Voltage  in  V 


Appendix  B 

Summary  of  Test  Conditions,  Lab  Notes,  and  Raw  Wear  Data 


Appendix  B  contains  summaries  of  launch  conditions,  descriptions  of  resolidified  aluminum 
on  the  recovered  rails,  and  wear  pin  placement,  depth,  and  axial  location  where  pins  interacted 
with  rails. 

Peak  Current,  Average  Current  and  Derived  L’  are  based  on  the  plots  shown  in  Appendix  A. 
Acceleration  is  computed  as  L’I2/2m,  where  I  is  average  current  during  the  “flat  top”  portion 
of  the  launch. 

Post  Shot  Notes  contain  qualitative  descriptions  of  resolidified  aluminum  on  the  rails  after 
each  shot.  The  photographs  of  recovered  rails  in  Section  1  of  this  report  show  typical  alu¬ 
minum  traces. 

Wear  Track  Locations  are  summarized  for  each  shot  in  two  tables,  one  for  each  rail: 

•  The  first  column,  #,  contains  a  unique  i.d.  for  every  pin.  The  format  consists  of  up  to  five 
fields.  The  first  two  are  the  shot  number,  followed  by  “n”  or  “p”  to  designate  polarity,  and 
then  a  number.  For  example  76nl3  designates  the  thirteenth  pin  from  shot  MCL76,  on  the 
armature  face  in  contact  with  the  negative  rail.  Typically  pins  are  numbered  starting  from 
the  top  (in  the  assembled  gun)  of  the  negative  rails,  and  starting  from  the  bottom  of  the 
positive  rails. 

•  The  second  and  third  columns,  col.  and  row,  list  the  location  of  the  pins  on  the  armature. 
The  KJ202  has  32  pads  machined  into  each  face,  over  which  we  have  overlaid  the  coordi¬ 
nate  system  shown  in  Fig.  B-l.  Wear  is  assumed  to  be  symmetrical  about  the  center  line  of 
armature. 

•  The  fourth  column,  z,  lists  the  axial  location  at  which  the  first  interactions  between  pin  and 
rail  are  observed.  z=0  corresponds  to  the  trailing  edge  of  the  armature.  The  error  bar  is 
based  on  degree  of  ambiguity  in  making  a  precise  determination. 

•  The  fifth  column,  depth,  lists  the  depth  of  the  pin  below  the  surface  of  the  armature  face, 
measured  at  the  time  the  armature  was  prepared.  The  procedure  involves  pressing  each 
pin  as  far  as  it  will  go  into  its  hole,  then  measuring  depth  using  the  dial  indicator  on  the 
drill  press.  The  units  of  mil  (1/1000”  =  25.4  x  10'6  m)  are  retained  throughout  the  appen¬ 
dices,  with  the  unfortunate  consequence  that  wear  rate  is  expressed  in  mixed  units  of 
mil/cm.  Unless  specified  otherwise,  the  uncertainty  in  pin  depth  is  ±  1  mil.  A  parenthetical 
note  of  (Fe)  in  this  column  indicates  that  a  steel  drill  bit  broke  and  remained  embedded  at 
the  recorded  depth  below  the  surface. 

•  The  sixth  column,  d/z,  lists  the  quotient  of  depth  and  axial  distance  in  units  of  mil  per  cen¬ 
timeter  of  distance  traveled.  This  is  a  measure  of  wear  rate. 

•  The  seventh  and  eighth  columns,  ±  [%],  and  ±  [mils/cm],  are  the  relative  (%)  and  absolute 
error  bars  for  the  wear  rate,  d/z. 

•  The  last  column,  notes,  identifies  spurious  or  unusual  traces. 
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Columns 


(Leading 

Edge) 


(Trailing 

Edge) 


Fig.  Bl.  Coordinate  system  used  for  designating  pin  locations  on  armature  face. 
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Summary  of  Armature  Wear  Experiments 


Name??! 
MCL:  j 

Date  -  j 

| 

'•  '  1 

Description 

Mass;*?! 

[g]  | 

Charg 

[kVJ  1 

Veor  j 

[km/s]"  j 

Iavg.  •- 

m*  \ 
:  '  •  > •.  -  | 

Accel. 

[m/s2] 

57 

97013002 

166.15 

14.0 

2350±20 

940110 

1.04x10s 

58 

97020701 

std.  cond.  2nd 

166.15 

14.0 

2350±20 

940110 

1.04x10s 

59 

97022601 

std.  cond.  3rd 

169.37 

14.0 

2440±50 

945110 

1.04x10s 

63 

97041101 

std.  cond.  4th 

171.2 

14.0 

2250120 

950110 

1.04x10s 

71 

97053001 

low-vel.  low-cur.  #1 

169.9 

12.5 

1940110 

850110 

0.86x10s 

73 

97061201 

high-vel,  normal-cur. 

136.74 

14.0 

2750120 

960110 

1.30x10s 

75 

97062501 

normal-vel.  low-cur. 

136.84 

12.8 

2250150 

855110 

1.03x10s 

76 

97070701 

low-vel.  low-cur.  #2 

170.7 

12.5 

1950150 

855110 

0.82x10s 

84 

97090501 

281.5 

16.5 

2000120 

1150110 

0.90x10s 

88 

97102301 

low-vel.  high-cur.  #2 

293.2 

16.5 

2170 

1150110 

0.86x10s 

Summary  of  Wear  Experiments 
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7/21/98  11:40  AM 


MCL57  Shot  Summary  (97013002) 


Description 

First  wear  pin  experiment  (“standard  conditions”) 

Launch  Package 

KJ202  Vented  Bar  with  modifications;  standard  bore  rider 

Mass 

166.15  g 

Bank  Charge 

14.0  kV 

Peak  Current 

972.9  kA 

Average  Current 

940  ±  1 0  kA  (average  value  for  first  40  cm.) 

Derived  L’ 

0.39x10-6  H/m 

Acceleration 

1.04x106  m/s2 

Exit  Velocity 

2350  ±  20  m/s  (based  on  MCL  58) 

Pre-shot  Notes:  First  experiment  using  wear  pins.  All  pins  were  20  mil  tungsten  tig 
electrodes  except  for  one  instance  in  which  a  steel  drill  bit  broke  off  and  remained 
embedded  in  the  armature,  acting  effectively  as  a  pin.  In  this  experiment,  as  well  as  in 
MCL  58  and  MCL  59,  the  axial  grooves  in  the  armature  were  changed  from  rectangular  to 
trapezoidal.  All  subsequent  shots  have  used  rectangular  grooves. 

Post-shot  Notes: 

0-7  cm  burnished  aluminum 

7-17  loosely  adhering  aluminum  (outer  tracks) 

7-27  loosely  adhering  aluminum  (inner  tracks) 

17-22  transition  to  adhering  aluminum  (outer  tracks) 

27-32  transition  to  adhering  aluminum  (inner  tracks) 

notes:  1.  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 

2.  At  this  time  I  had  not  begun  to  use  scotch  tape  to  remove  all  loose  aluminum. 


Summary  of  Wear  Experiments 
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7/21/98  11:40  AM 


MCL  57  (97013002)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col. 

row  j 

•••  -  I 

z  • 

[cm]  1 

depths  i 
[mil]  1 

d/z 

[mil/cmj?  1 

[%]  ! 

[mils/cmpj 

Notes- 

57n1 

— 

— 

— 

— 

— 

— 

— 

57n2 

7.5 

2 

12  ±2 

2.5  ±1 

.21 

.43 

.09 

57n3 

6 

1 

— 

32 

— 

— 

— 

57n4 

4 

1 

35  ±5 

4 

.11 

.29 

.03 

poor 

57n5 

2.5 

2 

35  +  5 

7 

"~2 

.20 

.04 

good 

57n6 

1 

1 

-  - 

30 

— 

— 

— 

57n7 

1 

1 

— 

30 

— 

— 

— 

57n8 

2.5 

2 

38.5  ±2 

10 

.26 

.11 

.03 

57n9 

4 

3 

— 

8 

— 

— 

— 

57n10 

6 

1 

— 

29 

— 

— 

— 

57n11 

7.5 

2 

30  ±2 

11 

.37 

.11 

.04 

good 

57n12 

9 

3 

22  ±2 

8 

.36 

.15 

.05 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row  j 

depth 

d/z 

± 

±  ' 

Notes 

[cm] 

[mil] 

[mil/cm]  i 

[%]  3 

[mils/cm] 

mam 

9 

6 

24+1 

17  +  1 

0.7 

.03 

.04 

?? 

7.5 

5 

19.25  ±1 

5 

0.26 

.21 

.06 

good 

karaH 

6 

4 

29.5  ±5 

10 

0.34 

.20 

.07 

EB1QHI 

4 

6 

13  +  4 

5 

0.38 

.37 

.14 

2.5 

5 

14.5  ±1 

4 

0.28 

.25 

.07 

1 

4 

20  ±5 

6 

0.3 

.30 

.09 

E391 

1 

4 

13.5  ±2 

turn 

0.15 

.52 

.08 

2.5 

5 

36  ±2 

ii 

0.31 

.11 

.035 

4 

6 

1.9  ±0 

0 

— 

— 

— 

BHEi 

6 

4 

25.5  ±  6 

7 

0.27 

.28 

.08 

IdrUlM 

7.5 

5 

22.5  ±3 

6 

0.27 

.21 

.06 

9 

6 

1.8  +  0 

0 

— 

— 

— 

Comments:  None  of  the  deep  pins  (30  mils)  survived  to  make  scratches.  Later 
experience  will  show  that  measurements  are  difficult  to  make  at  depths  beyond  25  to  30 
mils,  and  almost  impossible  this  close  to  the  trailing  edge. 


Summary  of  Wear  Experiments 
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7/21/98  11:40  AM 


MCL  58  Shot  Summary  (97020701) 


Description 

Second  wear  pin  experiment  (“standard  conditions”) 

Launch  Package 

KJ202  Vented  Bar  with  modifications;  standard  bore  rider 

Mass 

166.15  g 

Bank  Charge 

14.0  kV  1 

Peak  Current 

969.9  kA  1 

Average  Current 

940  ±  1 0  kA  (average  value  for  first  40  cm.) 

Derived  L’ 

0.39x10-6  H/m 

Acceleration 

1.04x106  m/s2  1 

Exit  Velocity 

2350  ±  20  m/s 

Pre-shot  Notes:  Second  experiment  using  wear  pins.  All  pins  on  inner  two  columns  of 
pads  were  20  mil  tungsten  tig  electrodes.  All  pins  on  outer  columns  were  24  mil  piano 
wire  except  for  one  instance  in  which  a  steel  drill  bit  broke  off  and  remained  embedded  in 
the  armature,  acting  effectively  as  a  pin.  In  this  experiment,  as  well  as  in  MCL  57  and 
MCL  59,  the  axial  grooves  in  the  armature  were  changed  from  rectangular  to  trapezoidal. 
All  subsequent  shots  have  used  rectangular  grooves.  First  attempt  at  using  4  pins  per 
column. 

Post-shot  Notes: 

0-7  cm  burnished  aluminum 

7-9  transition  from  burnished  to  loosely  adhering  aluminum  in  (outer  tracks) 

11-31  very  “flaky”  (-)  rail 

16-27  very  “flaky”  (+)  rail 

27-32  transition  to  adhering  aluminum  (inner  tracks) 

62  outer  tracks  disappear 

72  inner  tracks  disappear 

173  big  gouge  on  (+)  rail 

178  transition  on  (-)  rail 

notes:  1.  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 

2.  At  this  time  I  had  not  begun  to  use  scotch  tape  to  remove  all  loose  aluminum. 


Summary  of  Wear  Experiments 
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MCL  58  (97020701)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


:#  j 

i  1 

col.  j 

row  j 

[cm]-  1 

depth.  ; I 

[mil]  i 

d/z 

[mil/cm]- 

+  .  ... 

t%]  1 

[mils/cmpj 

Notes 

58n  1 

8 

5 

22.5  ±  2 

■ciafeMiaw 

.156 

.30 

.05 

good 

58n2 

7 

3 

27  ±3 

12 

.44 

.14 

.06 

a. 

58n3 

6 

1 

49  +  2 

9 

.18 

.11 

.02 

good 

58n4 

4 

1 

42.5  ±3 

n 

.12 

.21 

.025 

58n5 

3 

3 

23.5  ±4 

3.5 

.15 

.33 

.05 

58n6 

2 

5 

16  ±  3 

3 

.19 

.38 

.07 

58n7 

1 

8 

31  ±2 

2 

.06 

.5 

.03 

58n8 

1 

7 

41  ±5 

9 

.22 

.12 

.036 

58n9 

2 

5 

29.5  ±4.5 

8.5 

.29 

.19 

.056 

58n10 

3 

3 

50  ±1 

9.5 

.19 

.11 

.02 

58n11 

4 

1 

41  ±2 

6.5 

.16 

.16 

.026 

58n  1 4 

7 

3 

59  ±2 

.22 

.08 

.018 

58n15 

8 

4 

30.5  ±  2.5 

10 

.33 

.13 

.043 

58n  1 6 

9 

6 

31.5  ±1 

12 

.39 

.09 

.033 

a.  canal  effect 


Positive  Rail  (“passenger's”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row  j 

Z 

[cm] 

depth 

[mil] 

d/z 

[mil/cm] 

± 

[%]  1 

±  i 

[mils/cm]  ; 

Notes 

msm 

9 

8 

— 

12±  1 

— 

— 

— 

ia 

8 

7 

2.5  ±0 

0 

— 

— 

— 

7 

5 

74.5  ±  2 

12 

.16 

.08 

.014 

mm 

6 

2 

69  ±2 

23 

CO 

CO 

.05 

.017 

EEEBI 

4 

2 

36  ±6 

3 

.08 

.37 

.031 

m 

3 

4 

30  ±3 

6.5 

.22 

.18 

.040 

UM 

2 

6 

35.5  ±  8 

7 

.20 

.27 

.053 

wm 

8 

43.5  ±  2 

6.5  +  3 

.15 

.47 

.07 

ni 

i 

8 

64.5  ±  5 

10.5 

.16 

.12 

.02 

2 

6 

27.5  ±  3 

6 

.22 

.20 

.043 

3 

4 

32  ±3 

7 

.22 

.17 

.037 

ehbi 

4 

2 

46  ±2 

6 

.13 

.18 

.023 

BUSBI 

6 

2 

20  ±4 

4 

.20 

.32 

.064 

msm 

7 

4 

37  ±2 

8 

.21 

.14 

.03 

a. 

Em 

8 

6 

— 

0 

— 

— 

— 

in 

9 

8 

— 

7 

— 

— 

— 

a.  fully  developed  wear  track  by  z=39  cm;  long  ambiguous  history  up  to  then. 


Comments:  Still  had  not  learned  how  to  face-off  pins,  therefore  error  bars  are  larger  than 
in  later  shots.  Also,  “canal  effect”  whereby  smooth,  wide  shallow  trenches  coexist  with 
wear  tracks,  was  particularly  pronounced  in  this  shot. 


Summary  of  Wear  Experiments 
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MCL59  Shot  Summary  (97022601) 


Description 

Third  wear  pin  experiment  (“standard  conditions”) 

Launch  Package 

KJ202  Vented  Bar  with  modifications;  standard  bore  rider 

Mass 

169.37  g  (included  LED  test) 

Bank  Charge 

14.0  kV 

Peak  Current 

979.2  kA 

Average  Current 

945  ±  10  kA  (average  value  for  first  40  cm.) 

Derived  L’ 

0.393x10-6  H/m 

Acceleration 

1.04x10®  m/s2 

Exit  Velocity 

2440  ±50  m/s 

Pre-shot  Notes:  Third  experiment  using  wear  pins.  In  this  experiment  (as  well  as  in 
MCL  57  and  MCL  58)  the  axial  grooves  in  the  armature  were  changed  from  rectangular  to 
trapezoidal.  All  subsequent  shots  have  used  rectangular  grooves.  Might  have  used  10  mil 
tungsten  pins  in  parts  (did  not  keep  a  good  record).  Many  of  the  pins  were  buried  flush 
with  the  surface  in  order  to  measure  when  rows  five,  six,  and  seven  make  contact  with  the 
rails. 

Post-shot  Notes:  none  recorded 


Summary  of  Wear  Experiments 
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MCL  59  (97022602)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col.:  | 

row  j 

;  ■■  j 

Z  :  j 

1  [cm]’  1 

depth 

[mil] 

d/z 

[mil/cm] 

±rv., 

[%1 

±r.;:-v  j 

[mils/cm]  | 

Notes 

59n1 

9 

4 

8.0  ±.5 

iM&m 

— 

— 

— 

59n2 

7.5 

6 

7.75  ±  2.5 

0 

— 

— 

— 

59n3 

6 

5 

5  ±2.5 

0 

— 

— 

— 

59n4 

4 

6 

35.25  ±  1 

12 

.28 

.09 

.03 

59n5 

2.5 

6 

8.25  +  1.5 

0 

— 

— 

— 

59n6 

1 

6 

25  ±1.5 

7 

CO 

.15 

.04 

59n7 

1 

6 

5.75  ±3.5 

mam 

— 

— 

— 

59n8 

2.5 

6 

62  ±11.5 

.28 

.19 

.07 

59n9 

4 

6 

4±  2 

0 

— 

— 

— 

59n  1 0 

6 

6 

7  ±2.5 

0 

— 

— 

— 

59n  1 1 

7.5 

5 

19.5  ±2 

mm 

.11 

.11 

.12 

59n  1 2 

9 

6 

7.75  ±  1 

0 

— 

— 

— 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col.  I 

row  ] 

z 

[cm] 

depth: 

[mil] 

d/z 

[mil/cm] 

± 

[%] 

±  j 

[mils/cm]  1 

Notes 

Eom 

9 

7 

41  ±1 

15 

.366 

.07 

.03 

wmm 

7.5 

7 

— 

— 

— 

— 

no  track 

Mmi 

6 

7 

2.4  ±0 

— 

— 

-  1 

■■U.Lt 

4 

7 

30.5  ±  2.5 

.426 

.11 

.05 

good 

Mm 

2.5 

7 

44.5  ±  16 

0 

— 

— 

— 

K3D391 

1 

7 

114  ±  ? 

EMSm 

.22 

.04 

.01 

faint 

Mm 

1 

7 

11.25  ±1.25 

Mssm 

— 

— 

— 

Mm 

2.5 

7 

23.5  ±  1 

10 

.426 

.11 

.05 

good 

4 

7 

55.5  ±  15 

0 

— 

— 

— 

I^ISDSB 

6 

7 

22.5  ±  2 

0 

— 

— 

— 

ehm 

EOH 

7 

— 

WMsm 

— 

— 

— 

no  track 

mam 

7 

8±  1 

0 

— 

— 

— 

Comments:  Still  had  not  learned  how  to  face-off  pins,  therefore  error  bars  are  larger  than 
in  later  shots.  Lots  of  pins  buried  flush  with  surface  in  rows  six  and  seven  to  see  when 
forward  part  of  the  armature  makes  contact  with  rails. 


Summary  of  Wear  Experiments 
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MCL  63  Shot  Summary  (97041101) 


Description 

Fourth  wear  pin  experiment  (“standard  conditions”) 

Launch  Package 

KJ202  Vented  Bar  with  modifications;  standard  bore  rider 

Mass 

171.2  g 

Bank  Charge 

14.0  kV 

Peak  Current 

961.7  kA 

Average  Current 

950  ±10  kA  (average  value  for  first  50  cm.) 

Derived  L’ 

0.3885x1  O'6  H/m  1 

Acceleration 

1.04x106  m/s2 

Exit  Velocity 

2250  ±  20  m/s 

Pre-shot  Notes:  Fourth  experiment  using  wear  pins.  All  pins  20  mil  tungsten  tig 
electrodes.  All  axial  grooves  in  the  armature  rectangular.  Pins  are  buried  deeper  than 
previous  shots.  Possibly  the  first  shot  in  which  I  began  to  square  off  the  face  of  the  pins, 
since  the  error  bars  in  “z”  are  smaller  than  in  previous  shots. 

Post-shot  Notes:  none  on  record 
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MCL  63  (97041101)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


# 

COls*.  j 
1 

row  >  i 

-  '  A 

[cm]  j 

i  depth 
i  [mil]^  1 

d/z 

!  [mil/cm] 

in...  1 

[%i 

[mils/cmj  i 

Notes 

63n1 

7.5 

2 

17  ±  0 

2 

0.118 

0.503 

0.059 

63n2 

7 

5 

65  ±0 

20 

0.308 

0.052 

0.016 

63n3 

6 

6 

121  ±1 

33 

0.273 

0.031 

0.009 

63n4 

4 

7 

135  ±3 

31.5 

0.233 

0.039 

0.009 

63n5 

3 

5 

135  ±2 

35.5 

0.263 

0.032 

0.008 

63n6 

2 

3 

135  ±2 

35.5 

0.263 

0.032 

0.008 

63n7 

1 

5 

54  ±1 

15.5 

0.287 

0.067 

0.019 

63n8 

1 

5 

— 

43.5 

— 

— 

— 

no  track 

63n9 

2 

3 

101+0 

23 

0.228 

0.045 

0.01 

63n  1 0 

3 

5 

91  ±1 

23 

0.253 

0.045 

0.011 

63n11 

4 

7 

2.2  ±0 

28.5 

63n  1 2 

6 

6 

87  +  1 

25 

0.287 

0.042 

0.012 

63n  1 3 

7 

5 

110  ±  1 

35.5 

0.323 

0.03 

0.01 

63n  1 4 

8 

2 

34  +  2 

12.5 

0.368 

0.099 

0.037 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row  ; 

Z 

[cm] 

depth 
[mil]  1 

d/z 

[mil/cm] 

± 

[%] 

.  ± 

[mils/cm] 

Notes 

n 

KOI 

5 

77  ±0 

27.5 

0.357 

0.039 

0.014 

mm 

6 

7 

— 

33 

— 

— 

— 

eemi 

EM 

2 

62  ±1 

11.5 

0.185 

0.088 

0.016 

mm 

3 

4 

47  ±0 

13 

0.277 

0.08 

0.022 

2 

6 

64  ±2 

16.5 

0.258 

0.068 

0.018 

EEEM 

1 

8 

— 

23 

— 

— 

— 

mm 

1 

8 

— 

35 

— 

— 

— 

Em 

2 

6 

124.5  ±0 

28.5 

0.229 

0.036 

0.008 

EI39I 

3 

4 

59  ±1 

15 

0.254 

0.069 

0.017 

mm 

4 

2 

111  ±  1 

26.5 

0.239 

0.039 

0.009 

mm 

6 

7 

— 

40.5 

— 

— 

— 

mm 

mm 

5 

74  ±2 

23 

0.311 

0.051 

0.016 

Comments: 
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MCL71  Shot  Summary  (97053001) 


Description 

“low-speed”,  “low-current”  wear  pin  (same  as  MCL  76) 

Launch  Package 

KJ202  Vented  Bar,  standard  bore  rider 

Mass 

169.9  g 

Bank  Charge 

12.5  kV 

Peak  Current 

872,2  kA 

Average  Current 

850  ±10  kA 

Derived  L’ 

0.386x1 06  H/m 

Acceleration 

860x1 03  m/s2 

Exit  Velocity 

1.94  ±10  m/s 

Pre-shot  Notes:  Wear  pin  experiment  using  standard  armature  but  at  lower-than-usual 
current  and  consequently  lower  velocity.  The  current  selected  was  such  that,  when  used  in 
a  future  test  with  the  lightweight  bore  rider,  it  would  result  in  a  launch  at  “standard” 
velocity.  Pins  were  fairly  shallow  in  this  shot.  MCL  76  is  a  repeat  of  this  shot  in  which 
the  pins  were  buried  deeper. 

Post-shot  Notes: 

0  -  4  cm  50%  burnished  copper,  50%  shiny  aluminum  (outer  tracks) 

0  -  6  cm  50%  burnished  copper,  50%  shiny  aluminum  (inner  tracks) 

4  -  8  cm  shiny  burnished  aluminum  (outer  tracks) 

6  -  10  shiny  burnished  aluminum  (inner  tracks) 

2  cm  begin  “magnetic  saw”  at  outer  edges 

8  cm  “melt  wave”  aluminum  half-way  into  outer  tracks 

10  -42  flaky  aluminum  on  “-”  rail 

10  -  37  flaky  aluminum  on  “+”  rail 

10  -  62  flaky  aluminum  on  both  rails  if  scotch  tape  is  used  to  remove  loose 

aluminum 

notes:  1 .  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 

2.  At  this  time  I  began  to  use  scotch  tape  to  remove  all  loose  aluminum. 
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MCL  71  (97053001)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col.  ; 

rom  \ 

'  "  1 

[cm] 

depth  i 
[mil] 

d/z 

[mil/cm] 

±  ■  j 

[%]  i 

±  ! 
[mils/cm]  j 

Notes 

71  nl 

6 

29  ±1 

7  ±  1 

0.241 

0.147 

0.035 

71n2 

8 

3±  0 

0 

— 

71n3 

4 

1 

,2±0 

-1 

— 

71n4 

3 

3 

19.5  ±1 

.5 

0.026 

2.001 

0.051 

71n5 

2 

5 

44.5  +  1 

10 

0.225 

0.102 

0.023 

71n6 

1 

7 

15  ±2.5 

1 

0.067 

1.014 

0.068 

71n7 

1 

7 

38.5  ±3.5 

8 

0.208 

0.155 

0.032 

71n8 

2 

5 

23  ±1 

4 

0.174 

0.254 

0.044 

7 1  n9 

3 

3 

64.5  ±  2.5 

8 

0.124 

0.131 

0.016 

71  nl  0 

4 

1 

.2±0 

-1 

— 

71n11 

6 

8 

29  ±1 

3 

0.103 

0.335 

0.035 

71  nl  2 

7 

8 

37.5  ±1.5 

6 

0.16 

0.171 

0.027 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row  j 

!  z 
[cm] 

depth 
[mil]  1 

d/z 

[mil/cm] 

± 

[%i  ; 

±  [mils/cm]  j 

1 

Notes 

on 

7 

6 

32  ±1 

10  ±  1 

0.313 

0.105 

0.033 

6 

4 

41 .5  ±2.5 

0 

0 

### 

### 

Bn 

4 

2 

47.25  ±1.25 

8 

0.169 

0.128 

0.022 

on 

3 

4 

57.5  ±  2.5 

14.5 

0.252 

0.082 

0.021 

2 

6 

33.5  ±  1 

8 

0.239 

0.129 

0.031 

7 1  p6 

1 

8 

35  ±1 

4 

0.114 

0.252 

0.029 

en 

1 

8 

45.75  ±  1.25 

5 

0.109 

0.202 

0.022 

71 P8 

2 

6 

26.25  ±1.25 

5 

0.19 

0.206 

0.039 

Bn 

3 

4 

28.75  ±  1 

6 

0.209 

0.17 

0.036 

4 

2 

39.75  ±  1.25 

5 

0.126 

0.202 

0.025 

BBEIB 

6 

4 

40.5  ±  1 

0 

0 

### 

### 

En 

7 

6 

29  ±1 

8 

0.276 

0.13 

0.036 

Comments: 
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MCL  73  Shot  Summary  (97061201) 


Description 

“high-speed”,  “normal-current”  wear  pin 

Launch  Package 

KJ202  Vented  Bar,  lightweight  lexan  forebody 

Mass 

136.74  g 

Bank  Charge 

14.0  kV 

Peak  Current 

972.1  kA 

Average  Current 

960  ±  10  kA 

Derived  L’ 

0.387x1 0-6  H/m 

Acceleration 

1.30x106  m/s2 

Exit  Velocity 

2750  ±  20  m/s 

Pre-shot  Notes:  Wear  pin  experiment  using  lightweight  armature  at  normal  current  and 
consequently  higher  velocity.  MCL  75  is  a  complementary  shot  in  that  it  uses  the  same 
launch  package,  with  a  low  current  to  produce  the  standard  acceleration  of  106  m/s2. 

Post-shot  Notes: 

0  - 
1.5 
0 

6  - 
11  - 


notes: 


2  cm  mostly  burnished  copper 

“melt  wave”  triangle  begins  at  outer  edges 
6  cm  50%  burnished  copper,  50%  shiny  aluminum  (inner  tracks) 
shiny  burnished  aluminum  (outer  tracks) 

1 1  shiny  burnished  aluminum  (inner  tracks) 

18 

1.  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 
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MCL  73  (97061201)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col.  i 

row  i 

2 

[cmj 

depth 
[mil]  -  I 

d/z  ,j 

[mil/cm] 

±rr,  >J 

[%]  i 

•  ±r-'-  | 

[mils/cm]  ] 

Notes 

73n1 

7.5 

4 

42.25+  1.5 

11 

0.26 

0.098 

0.025 

73n2 

6 

7 

40.25  ± 1 

11 

0.273 

0.094 

0.026 

73n3 

4 

1 

.5 

3 

bad 

73n4 

3 

3 

82  +  1 

18.5 

0.226 

0.055 

0.013 

73n5 

2 

5 

107  +  1 

48.5 

0.453 

0.023 

0.01 

a. 

73n6 

1 

7 

76  ±4 

16 

0.211 

0.082 

0.017 

73n7 

1 

7 

9±  ? 

0 

0 

### 

\m~ 

b. 

73n8 

1.5 

6 

16.5  ±3.5 

2 

0.121 

0.543 

0.066 

73n9 

2 

5 

91  ±  ? 

12 

0.132 

### 

### 

c. 

73n10 

3 

3 

69.5  + 1 

14.5 

0.209 

0.07 

0.015 

73n11 

4 

1 

51  ±1 

6.5 

0.127 

0.155  1 

0.02 

73n12 

6 

7 

49  ±1 

12.5 

0.255 

0.083 

0.021 

73n13 

vxmm 

4 

72.5  ±1.5 

24 

0.331 

0.047 

0.015 

a.  possibly  a  spurious  trace. 

b.  shininess  present  from  onset,  track  doesn’t  begin  to  carve  copper  until  9  cm. 

c.  track  appears  abruptly  but  is  very  faint.  Possible  gouglets  up  to  8cm  upstream 


Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row  j 

z  i 

[cm] 

depth 

[mil] 

d/z 

[mil/cm] 

± 

[%] 

± 

[mils/cm] 

Notes 

m 

m 

2 

40  ±1 

11 

0.275 

0.094 

0.026 

a. 

6 

6 

57.5  ±1 

17 

0.296 

0.061 

0.018 

a. 

km 

4 

2 

82.5  ±  ? 

18.5 

0.224  1 

### 

### 

b. 

Em 

3 

4 

105.5  ±? 

27.5 

0.261 

### 

### 

b. 

beem 

2 

6 

36 

missing 

EEBW 

1 

7 

8.5  ±1 

0 

0 

### 

### 

tmm i 

1 

7 

62  ±1 

13 

0.21 

0.079 

0.016 

c. 

Em 

2 

6 

2.3  ±0 

0 

0 

### 

### 

pi» 

3 

4 

20  ±6 

10.5 

Em 

0.315 

0.165 

d. 

Km 

4 

2 

58  ±1 

10 

om 

0.101 

0.017 

Km 

6 

6 

2.3  ±  0 

0 

0 

### 

### 

Km 

warn 

2 

45  ±1 

8 

0.178 

0.127 

0.023 

a.  strong  track,  appears  abruptly. 

b.  faint  track,  appears  abruptly  amid  gouglets. 

c.  long  skinny  precursor  of  uncertain  depth  from  50-61  cm.  Strong  interaction  with  track  73p8. 

d.  long  skinny  scratch  from  14.5  to  26  cm. 

Comments: 
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MCL75  Shot  Summary  (97062501) 


Description 

“normal-speed”,  “low-current”  wear  pin 

Launch  Package 

KJ202  Vented  Bar,  lightweight  lexan  forebody 

Mass 

136.84  g 

Bank  Charge 

12.8  kV 

Peak  Current 

869.4  kA 

Average  Current 

855+  10kA 

Derived  L’ 

0.3856X10-6  H/m 

Acceleration 

1.03x106  m/s2 

Exit  Velocity 

2250  ±50  m/s 

Pre-shot  Notes:  Wear  pin  experiment  using  lightweight  armature  at  low  current  so  as  to 
obtain  normal  acceleration/velocity.  MCL  73  is  a  complementary  shot  in  that  it  uses  the 
same  launch  package,  with  a  normal  current  to  produce  the  higher  than  usual  acceleration  of 
1.12xl06  m/s2. 

Post-shot  Notes: 


0 

2 

2 

7 

10 

12 

42 

62 

153 

178 

192 


2  cm  mostly  burnished  copper  on  all  four  tracks 

1 0  “melt  wave”  triangle  on  outer  edges 

7  50%  burnished  copper,  50%  shiny  aluminum  (inner  tracks) 

10  mostly  shiny  aluminum  on  inner  tracks  (similar  to  melt  wave  Al. 

on  outer  tracks);  can’t  see  Cu. 

12  transition  to  flaky  aluminum 

42  mostly  flaky  aluminum  on  ah  four  tracks 

62  transition  from  flaky  aluminum  to  solid  (dull)  aluminum 
153  moderately  dull  aluminum 

transition  (abrupt)  on  “+”  rail 
more  gouges  on  rail 
transition  (mild)  on  rail 


notes:  1 .  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 
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MCL  75  (97062501)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col.  j 

row  j 

2  j 

[cm]  i 

depth  j 
[mil] 

d/z 

[mil/cm]  i 

±r-  | 

[%] 

±1“  . 

[mils/cm] 

Notes 

75n1 

7.5 

2 

2.5  +  0 

0 

0 

### 

### 

75n2 

6 

5 

29+1.5 

7 

0.241 

0.152 

0.037 

75n3 

4 

8 

3±  0 

0 

0 

### 

### 

75n4 

3 

6 

40.5  ±1.5 

9.5 

0.235 

0.112 

0.026 

75n5 

2 

4 

76  +  1 

13.0 

0.171 

0.078 

0.013 

75n6 

1 

2 

77  +  1 

13.75 

0.179 

0.074 

0.013 

75n7 

1 

2 

42.5  + 1 

7 

0.165 

0.145 

0.024 

75n8 

2 

4 

56  ±1 

14.5 

0.259 

0.071 

0.018 

75n9 

3 

6 

60  ±1 

15 

0.25 

0.069 

0.017 

75n10 

4 

8 

44.25  ±  1.25 

6.5 

0.147 

0.156 

0.023 

75n11 

6 

5 

22  ±  1 

3.5 

0.159 

0.289 

0.046 

75n12 

7.5 

2 

24  ±1 

4 

0.167 

0.253 

0.042 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col.  i 

row  I 

\ 

Z  : 

[cm] 

depth 
[mil]  ' 

d/z 

[mil/cm]  ! 

±  ■ 

[%]  i 

± 

[mils/cm]  I 

Notes 

wssm 

7 

6 

27.5  + 1 

7 

0.255 

0.147 

0.038 

6 

4 

28  ±  1 

7 

0.25 

0.147 

0.037 

ft SB 

4 

1 

0.2  ±0 

0 

0 

### 

### 

EEHQH 

3 

3 

31.25  ±1 

6 

0.192 

0.17 

0.033 

R3!M 1 

2.5 

4 

108.5  ±1 

22.5 

0.207 

0.045 

0.009 

2 

5 

50.5  +  1.5 

10.5 

0.208 

0.1 

0.021 

e Esm 

1 

7 

2.3  ±0 

0 

0 

### 

### 

1 

7 

33  ±1.5 

4.5 

0.136 

0.227 

0.031 

ESsH 

2 

5 

29  ±2 

6 

0.207 

0.18 

0.037 

2.5 

4 

24  ±3 

4.5 

0.188 

0.255 

0.048 

3 

3 

40.5  ±1.5 

8 

0.198 

0.13 

0.026 

75p12 

EH 

!■ 

30.5-44.5 
see  note 

5 

0.132 

0.272 

0.036 

a 

BI3EI 

1.5  ±  0 

0 

0 

### 

### 

WEfiSM 

OH 

6 

30.25  ±1.25 

8 

0.264 

0.132 

0.035 

a.  -  skinny  scratch  30.5  cm;  deep  and  skinny  at  37  cm;  begins  to  widen  at  43  cm;  fully 


developed  wear  track  at  45  cm. 


Comments: 
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MCL  76  Shot  Summary  (97070701) 


Description 

“low-speed”,  "low-current”  wear  pin  (same  as  MCL  71) 

Launch  Package 

KJ202  Vented  Bar,  standard  bore  rider 

Mass 

170.7  g 

Bank  Charge 

12.5  kV 

Peak  Current 

872.8  kA 

Average  Current 

855  ±10  kA 

Derived  L’ 

0.385x10-6  H/m 

Acceleration 

824x103  m/s2 

Exit  Velocity 

1950  +  50  m/s 

Pre-shot  Notes:  Wear  pin  experiment  using  standard  armature  but  at  lower-than-usual 
current  and  consequently  lower  velocity.  The  current  selected  was  such  that,  when  used  in 
a  future  test  with  the  lightweight  bore  rider,  it  would  result  in  a  launch  at  “standard” 
velocity.  Pins  were  fairly  deep  in  this  shot,  compared  with  MCL  71,  for  which  conditions 
were  nearly  identical.  Not  this  shot  was  the  first  attempt  at  obtaining  in-bore  x-rays. 
Therefore  the  containment  was  assembled  slightly  differently:  three  20”  containment 
sections  w/  bdot  cards,  4”  window,  bdot  card,  4”  window,  bdot  card,  20”  containment... 

Post-shot  Notes: 


0 

0  - 

1.5  - 
4  - 
4 

8.5  - 
10 

27 

55  ±5 
77  ±5 
164 
180 
197 


apex  of  “melt  wave”  triangle  on  outer  tracks 

1.5  cm  mostly  copper  color,  faint  shiny  aluminum  (outer  tracks) 

4  50%  burnished  copper,  50%  shiny  aluminum  (inner  tracks) 

8 . 5  shiny  burnished  aluminum  (outer  tracks)  not  in  triangle 

8.5  shiny  burnished  aluminum  (inner  tracks) 

10  transition  to  flaky  aluminum  all  tracks 

“melt  wave”  aluminum  completely  occupies  outer  tracks 
flaky  aluminum  gives  way  to  adhered  aluminum  on  outer  tracks 
flaky  aluminum  end  on  “+”  rail  (inner  tracks) 
flaky  aluminum  end  on  “-”  rail  (inner  tracks) 
transition  on  “+”  rail;  some  lift  off 
lift  off  on  “-”  rail 
transition  on  “-”  rail 


notes:  1.  Distance  measured  from  trailing  edge  of  armature  (58  cm  from  end  of  rail). 
2.  Used  scotch  tape  to  remove  all  loose  aluminum. 
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MCL  76  (97070701)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


col.  j 

? 

1 

1 

row  i 

i 

l  V:  '  1 

.  ^ 

z::;  ■.  j 

[cm} 

depth?  1 
[mil]  ! 

d/z;  .  j 
[mil/cm]  i 

±^:l 

m  \ 

[mils/emj  : ! 

Notei 

76n1 

9 

8 

30.5  ±1.5 

7 

0.23 

0.151 

0.035 

76n2 

7.5 

2 

18.5  +  1 

3.5 

0.189 

0.291 

0.055 

76n3 

7 

6 

74  +  1.5 

22 

0.297 

0.05 

0.015 

76n4 

6 

4 

49  ±1.5 

17 

0.347 

0.066 

0.023 

76n5 

4 

2 

54  ±  1.5 

12 

0.222 

0.088 

0.02 

76n6 

3 

4 

79.5  ±  1 

21 

0.264 

0.049 

0.013 

76n7 

2 

6 

53  ±1 

14.5 

0.274 

0.071 

0.02 

76n8 

B 

8 

75  ±  6.5 

12.25 

0.163 

0.119 

0.019 

76n9 

■ 

8 

115  ±  2 

21.25 

0.185 

0.05 

0.009 

76n10 

2 

6 

117.5  ±3.5 

25 

0.213 

0.05 

0.011 

76n11 

3 

4 

26.75  ±  1 

7.75 

0.29 

0.134 

0.039 

76n12 

4 

2 

62  ±1 

14.5 

0.234 

0.071 

0.017 

76n13 

6 

4 

37.5  ±  1 

12.5 

0.333 

0.084 

0.028 

76n14 

7 

6 

36.5  ±  1 

12 

0.329 

0.088 

0.029 

76n15 

7.5 

2 

27  ±1 

8.5 

0.315 

0.123 

0.039 

76n16 

9 

8 

18.5  ±  1 

3.25 

0.176 

0.312 

0.055 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row 

i 

z 

[cm] 

depth 
[mil]  j 

d/z 

[mil/cm]  1 

± 

[%]  1 

+ 

[mils/cm]  1 

Notes 

Em 

9 

8 

39.5  ±  1 

8 

0.203 

0.128 

0.026 

Earn 

7.5 

2 

35.75  ±  1 

13 

0.364 

0.082 

0.03 

cam 

7 

3 

20.5  ±  1 

4.5 

0.22 

0.228 

0.05 

e mm 

6 

8 

64  ±1.5 

12 

0.188 

0.087 

0.016 

cam 

4 

1 

49  ±3 

10 

0.204 

0.117 

0.024 

cam 

3 

3 

47  ±2 

13 

0.277 

0.088 

0.024 

cam 

2 

5 

56  ±1 

17 

0.304 

0.061 

0.019 

76p8 

1 

7 

49.5  ±  1 

6.5 

0.131 

0.155 

0.02 

EaZDH 

1 

7 

101.5  ±  4 

19 

0.187 

0.066 

0.012 

2 

5 

61.5  ±  1.5 

18 

0.293 

0.061 

0.018 

E3HE 

3 

3 

87  ±1 

21 

0.241 

0.049 

0.012 

4 

1 

84  ±1.5 

16 

0.19 

0.065 

0.012 

E03E1 

6 

8 

117  ±2.5 

17.5 

0.15 

0.061 

mESmKKm 

WMNM 

3 

51  ±  1.5 

15.5 

0.304 

0.071 

0.022 

essee 

smi 

2 

37  ±1 

9.25 

0.25 

0.111 

0.028 

9 

8 

23  ±1.5 

4.5 

0.196 

0.232 

0.045 

Comments: 
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MCL84  Shot  Summary  (97090501) 


Description 

First  experiement  with  heavy  armature  (lov-vel.  high.cur.) 

Launch  Package 

KJ202  Vented  Bar;  extra-long  bore  rider 

Mass 

281 .5  g 

Bank  Charge 

16.5  kV 

Peak  Current 

< 1189  kA 

Average  Current 

<  1 175  ±  10  kA  (use  1 150  ±  10  kA  for  first  75  cm.) 

Derived  L’ 

>  0.3628x10-6  H/m  (use  0.383x10-6  f-|/m) 

Acceleration 

0.90x10s  m/s2 

Exit  Velocity 

2000  ±  20  “J 

Pre-shot  Notes:  This  is  the  first  of  two  shots  in  which  we  use  an  extremely  heavy 
lexan  bore  rider  in  order  to  obtain  high  current  and  low  velocity.  This  shot  was  combined 
with  an  in-bore  diagnostic  experiement  to  investigate  the  drop  off  in  optical  signal  that 
occurs  at  1.5  -  2.0  km/s. 

Post-shot  Notes: 


There  was  a  problem  with  the  shot  that  makes  data  reduction  difficult:  a  short  across  the 
breech  occurred  1.6  ms  into  the  launch.  That  is,  77-78  cm  into  the  launch.  The  values  for 
shot  parameters  in  the  table  above  that  are  in  parentheses  are  based  on  information  from  the 
subsequent  shot  (MCL  88). 

Trailing  edge  of  armature  at  73.2  cm  from  breech.  This  is  becuase  we’re  using  a  heavy 
bore  rider  and  wanted  to  capture  in  bore  x-ray  just  prior  to  transition.  Starting  location  as 
per  JVP’s  sims. 


0  - 1 
0  -  5  cm 

I  - 1 1  cm 
5-11 

II 

31  ±5 
43  +  5 
198 


(outer  tracks)  80%  Cu,  20  %A1  (is  really  mostly  burnished  Cu) 

(inner  tracks)  80%  Cu,  20  %A1  (is  really  mostly  burnished  Cu) 

(outer  tracks)  beginning  and  ending  point  of  melt  wave  traingle 

(inner  tracks)  shiny  aluminum 

loosely  adhereing  aluminum  in 

transition  to  adhereing  aluminum  (outer  tracks) 

transition  to  adhereing  aluminum  (inner  tracks) 

transition  to  plasma  armature  on  (-)  rail 


No  gouges  except  some  gougelets  from  wear  pins 

notes:  distace  measured  from  trailing  edge  of  armature  (approx  73  cm  from  end  of  rail) 
scotch  tape  used  to  remove  loose  aluminum 


Summary  of  Wear  Experiments 


46 


7/21/98  11:40  AM 


MCL  84  (97090501)  Wear  Track  Locations: 


Negative  Rail  (“driver’s”  side)  Tracks  numbered  from  top  of  rail 


# 

col.  i 

j 

row 

j 

• 

[cm) 

depth 

[mil] 

[mil/cm] 

±  ~ j 

[%]'  i 

j 

[mils/cm]*  ] 

Notes 

84n1 

7 

5 

51.25  +  1 

18  +  1 

0.351 

0.059 

0.021 

84n2 

6 

6 

22  ±1.5 

4  +  1 

0.178 

0.259 

0.046 

84n3 

4 

7 

32.75+  1.75 

7  +  1 

0.214 

0.153 

0.033 

84n4 

3 

6 

67.5  ±  1 

16  ±1 

0.237 

0.064 

0.015 

84n5 

2 

4 

48  +  1 

8±  1 

0.167 

0.127 

0.021 

84n6 

1 

2 

49  ±1 

4.5  ±1 

0.092 

0.223 

0.02 

84n7 

1 

2 

33.5  ±  1 

4.5  ±1 

0.134 

0.224 

0.03 

84n8 

2 

4 

18  ±1 

2+1 

0.111 

0.503 

0.056 

84n9 

3 

6 

40?  ±  1 

9±  1 

0.225 

0.114 

0.026 

84n10 

4 

7 

60.5  ±  1 

17  ±  1 

0.281 

0.061 

0.017 

84n11 

6 

6 

22  ±1 

5±  1 

0.227 

0.205 

0.047 

84n12 

7 

5 

2±  0 

0+1 

Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

row 

i 

Z 

[cm] 

depth 
[mil]  i 

d/z 

[mil/cm]  j 

±  ! 
[%]  I 

± 

[mils/cm]  i 

Notes 

m 

8 

7 

8+1 

iBiiai 

0.375 

0.356 

0.134 

EHH 

7 

5 

26.5  + 1 

7.5+1 

0.283 

0.139 

0.039 

6 

3 

83.5  ±  1 

23  ±  1 

0.275 

0.045 

0.012 

KilEJH 

4 

2 

,5±0 

+1  +  1 

Em 

3 

3 

53.5  ±  1 

8.5  ±1 

0.159 

0.119 

0.019 

l.U.f.W 

2 

5 

61 .5  ±1 

12.5  +  1 

0.203 

0.082 

0.017 

iim 

1 

7 

43  ±1 

9±1 

0.209 

0.114 

0.024 

1 

7 

45  ±2 

10  ±1 

0.222 

0.109 

0.024 

84d9 

2 

5 

90  ±1 

22+1 

0.244 

0.047 

0.011 

e mm 

3 

3 

80  ±1 

17  ±  1 

0.213 

0.06 

0.013 

84p11 

4 

2 

42  +  1 

5.5  ±1 

0.131 

0.183 

0.024 

EQ39 

6 

3 

65  +  1 

14.5  ±  1 

0.223 

0.071 

0.016 

E03EB 

5 

1.5  ±0 

0+1 

EQiBSi 

8 

7 

13  ±1 

4  ±  1 

0.308 

0.262 

0.08 

Comments: 
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MCL  88  Shot  Summary  (97102301) 


Description 

“low-speed",  “high-current”  wear  pin  (similar  to  MCL  84) 

Launch  Package 

KJ202  Vented  Bar,  heavy  lexan  bore  rider 

Mass 

293.2  g 

Bank  Charge 

16.5  kV 

Peak  Current 

1181  kA 

Average  Current 

1150  +  20  kA 

Derived  L’ 

0.383x106  H/m 

Acceleration 

0.86.X103  m/s2 

Exit  Velocity 

2170  ±50  m/s 

Pre-shot  Notes:  This  was  the  second  of  two  tests  in  which  a  heavy  armature  was  used  to 
increase  current  and  decrease  speed  (other  shot  was  MCL  84).  In  this  shot  I  buried  pins 
deeper  on  average  that  in  MCL  84,  The  shots  are  not  identical  several  reasons.  First,  this 
armature  is  about  12  grams  heavier  than  the  MCL  84  armature,  Second,  this  shot  involved 
backfilling  the  bore  with  helium.  Third,  there  was  a  bank  misfire  on  MCL  84  so  that 
current  dropped  off  faster  once  the  armaure  got  to  about  75-80  cm.  The  last  event  should 
not  affect  most  of  the  points  collected  on  MCL  84. 

Post-shot  Notes: 
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MCL  88  (97102301)  Wear  Track  Locations: 


col.  ; 

row  ! 

i 

z 

[cm] 

depthffi 
[mil]  ) 

d/z:  ,! 

[mil/cm] 

±  .  t 

[%i 

[mils/cm]  ; 

Notes; 

88n1 

7.5 

7 

33  ±1 

10  ±  1 

0.303 

0.104 

0.032 

88n2 

6 

3 

29  ±  1 

5.5  ±1 

0.19 

0.185 

0.035 

88n3 

4 

2 

49  ±1 

8±  1 

0.163 

0.127 

0.021 

88n4 

3 

3 

93.5  ±  1 

21.5  ±1 

0.23 

0.048 

0.011 

88n5 

2 

5 

89  ±1 

21  +  1 

0.236 

0.049 

0.012 

88n6 

1 

7  1 

95  +  1 

23  +  1 

0.242 

0.045 

0.011 

88n7 

1 

7 

72.5  ±  1 

19  +  1 

0.262 

0.054 

0.014 

88n8 

2 

5 

80.5  ±  1 

18  ±  1 

0.224 

0.057 

0.013 

88n9 

3 

3 

93  ±1 

22  ±  1 

0.237 

0.047 

0.011 

88n10 

4 

2 

52  ±1 

8±  1 

0.154 

0.126 

0.019 

88n11 

6 

3 

— 

khzm 

a. 

88n12 

7.5 

7 

25  +  1 

10  ±  1 

0.4 

1  1  i  .  _ 

0.108 

i 

0.043 

Broken  bit  (flush  with  surface)  no 1 
Positive  Rail  (“passenger’s”  side)  Tracks  numbered  from  bottom  of  rail 


# 

col. 

93 

row  i 

: 

z  •  i 

[cm] 

depth  d/z 

[mil]  [mil/cm] 

± 

i%]  ! 

± 

[mils/cm] 

Notes 

m 

7 

4 

22  +  2 

4.5  +  1 

0.205 

0.24 

0.049 

ma 

6 

5 

32.5  ±  1 

10  +  1 

0.308 

0.105 

0.032 

mm 

4 

7 

47  ±1 

13  ±1 

0.277 

0.08 

0.022 

b. 

in 

3 

5 

85.5  ±  1 

22  +  1 

0.257 

0.047 

0.012 

H 

2 

3 

68.5  ±  1 

12  ±  1 

0.175 

0.085 

0.015 

mm 

1 

2 

22.5  ±  2 

3±  1 

0.133 

0.345 

0.046 

man 

1 

2 

23.5  ±  2 

2±  1 

0.085 

0.507 

0.043 

mm 

2 

3 

89  ±1 

18  ±  1 

0.202 

0.057 

0.011 

ma 

3 

5 

37.5  ±  5 

■Esnsi 

0.267 

0.167 

0.044 

c. 

mum 

mm 

DHH 

65  +  1 

17.5  ±  1 

0.269 

0.059 

0.016 

USB 

4 

44  +  1 

14  +  1 

0.318 

0.075 

0.024 

msm 

7 

3 

29.5  ±  1 

9±  1 

0.305 

0.116 

0.035 

b .  canal  effect  adjacent  to  wear  track. 

c.  broken  bit;  wear  track  starts  out  as  10cm  long  skinny  scratch. 


Comments: 
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Wear 


Appendix  C 

Data  Plotted  on  a  Per-Test  Basis 


Plots  labeled  “inner  columns”  display  points  located  in  columns  1-4,  Plots  °u 

^r»tiw.vssss«s 

fit  to  all  the  data  for  that  set  of  conditions  (all  rows  and  columns). 


Plot 

Wear  at  Standard  Conditions: 

Wear  at  Low  Velocity,  Low  Current: 
Wear  at  High  Velocity,  Normal  Current: 
Wear  at  Normal  Velocity,  Low  Current: 
Wear  at  Low  Velocity,  High  Current: 


Tests 

MCL  57,  58, 59, 63 
MCL71, 76 
MCL  73 
MCL  75 
MCL  84,  88 


Page 

54 

60 

66 

71 

76 


standard  error  of  the  regression). 


Figure  Cl.  Wear  curve  fits  for  all  rows  and  columns. 


53 


Wear  At  Standard  Conditions 
All  Rows  and  Columns 


Minimum 

0.007682533 

Maximum 

188.1118 

Sum 

1485.1019 

Points 

85 

17.471788  “l 

Median 

5.1661205 

RMS  ~  1 

38.414485 

Std  Deviation 

34.414281 

Variance 

1184.3427 

Std  Error 

3.7327528 

Skewness 

3.6024076 

Kurtosis 

13.582335 

Regression  depth  =  -0.48207  +  0.22581z  ;  R  =  0.89832 

Standard  Error  Sy  =  [(D-Dfit]2/N]1/2  =  [1485.1019  /  85]1/2  =  4.18 
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Thursday,  November  6  1:57  PM  1997 


6  j  57p6 
57p7 


58p9 


63n6 


12  63n9 

13  58n6 


Column 


1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 


1.0000 


1.0000 
1 .0000 


2.0000 


2.0000 

2.0000 

2.0000 


2.0000 

2.0000 


57p5 
57p8 
25  j  59n8 
57n8 
63n5 
63n10 ~ 
58p6 
58n10 
58n5 


58p1 1 
63p9 
63p4 

35  59n9 

36  57p4 
59n4 
63p10 
63p3 
58p5 
58p1 2 
63n4 
58n1 1 
58n4 
57n4 
59p4 
59p9 
59n10 
63n12 
59p3 
59p10 


2.5000 

2.5000 

2.5000  t 

2.5000 

2.5000 

2.5000 

2.5000 

3.0000 

3.0000 

3.0000 

3  0000 

3.0000 


3.0000 
3.0000 
3.0000 
4.0000 
4.0000 
4.0000 
4.0000 
4.0000 
4.0000 
4.0000  j 
4.0000  I 
4.0000  j 
4.0000 
4.0000 
4.0000 
4.0000 
6.0000 
6.0000 
6.0000 
6.0000 


Row 


7.0000 

7.0000 

8.0000 

8.0000 

5.0000 

7.0000 


4.0000 

4.0000 


8.0000 


6.0000 

6.0000 


3.0000  | 


3.0000 

5.0000 

6.0000 


5.0000 

6.0000 


Z-bar 


11.250 

114.00 

43.500 

31.000 

54.000 

41.000 


20.000 

T3~500 


64.500 


25.000 

5.7500 


135.00 


101.00 

16.000 

124.50 


29.500 

IjTsool 


Depth 


0.0000 

25.000 

6.5000 

2.0000 

15.500 

9.0000 


6.0000 

2.0000 


10.500 


7.0000 

0.0000 


35.500 


23.000 

3.0000 

28.500 


8.5000 

6.0000 


6.0000 

7.0000 

2.0000 

5.0000 

5.0000 

6.0000 

2.0000 

5.0000 

5.0000 

4.0000 

3.0000 

3.0000 


4.0000 
4.0000 
4,0000 
6.0000 
6.0000 
6.0000 
2.0000 
2.0000 
2.0000 
2.0000 
7.0000 
1.0000 
1.0000 
1.0000 
7.0000 
7.0000 
6  0000 
6.0000 
7.0000 
7.0000 


8.2500 

23.500 
35.000 

14.500 
36.000 
62.000 

38.500 
135.00 
91.000 
30.000 
50.000 

23.500 


32.000 

59.000 

47.000 

4.0000 

13.000 

35.250 

111.00 

62.000 

36.000 

46.000 

135.00 

41.000 

42.500 
35.000 

30.500 

55.500 
7.0000 
87.000 
2.4000 

22.500 


0.0000 

10.000 

7.0000 

4.0000 

11.000 

21.000 

10.000 

35.500 

23.000 

6.5000 

9.5000 

3.5000 


7.0000 

15.000 

13.000 


0.0000 

5.0000 

12.000 

26.500 

1 1 .500 
3.0000 


6.0000 

31.500 

6.5000 

5.0000 

4.0000 

13.000 

0.0000 

0.0000 

25.000 

0.0000 

0.0000 


Z  error 


1.3000 

0.0000 

2.0000 

2.0000 

1.0000 

5.0000 


5.0000 

2.0000 


5.0000 


1.5000 

3.5000 


2.0000 


1.0000 

3.0000 

1.0000 


4.5000 

3.0000 


P5 

2.0000 

6.0000 

64.000 

16.500 

2.0000 

P7 

2.0000 

6.0000 

35.500 

7.0000 

8.0000 

P5 

2.5000 

7.0000 

44.500 

0.0000 

16.000 

1.5000 
1.0000 
5.0000 
1 .0000 
2.0000 
12.000 
2.0000 
2.0000 
1.0000 
3.0000 
1.0000 
4.0000 


3.0000 
1.0000 
1.0000 
2.0000 
4.0000 
1.0000 
1 .0000 
1 .0000 
6.0000 


2.0000 

3.0000 

2.0000 

3.0000 

5.0000 

2.5000 

15.000 

2.5000 

1.0000 

0.0000 

2.0000 


D  error 


1.0000 
1.0000 
3.0000 
1 .0000 
1 .0000 
1 .0000 


1 .0000 
1.0000 


1.0000 


1.0000 

1.0000 


1.0000 


1.0000 

1.0000 

1.0000 


1.0000 
1 .0000 


1 .0000 
1.0000 
1.0000 


1 .0000 
1.0000 
1.0000 


D/Z 

D-fit 

(D-Dfit)A2 

0.0000 

2.3958 

5.7398 

0.21900 

28.680 

13,544 

0.14900 

10.646 

17.187 

0.065000 

7.4480 

29.681 

0.28700 

13.332 

4.7017 

0.22000 

10.006 

1.0123 

0.30000 

4.6341 

1.8656 

0.14800 

2.9714 

0.94355 

0.16300 

16.018 

30.445 

0.28000 

5.9132 

1.1812 

0.0000 

0.98884 

0.97780 

0.26300 

34.052 

2.0959 

j  0.22800 

25.355 

5.5448 

0.18800 

3.6109 

0.37319 

0.22900 

31.366 

8.2155 

0.28800 

7.0643 

2.0612 

0.21800 

6.5527 

0.30548 

0.25800 

15.890 

0.37238 

0.19700 

8.5992 

2.5574 

0.0000 

10.901 

118.84 

1.0000 
1.0000 
1 .0000 


1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1 .0000 


1.0000 
1 .0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1 .0000 
1.0000 
1.0000 
1.0000 


0.0000 
0.42600 
0.20000  I 


1.6284 

5.5295 

8.4713 


2.6516 

19.986 

2.1647 


0.27600 

3.2272 

0.59726 

0.30600 

8.7271 

5.1661 

0.33900 

15.378 

31.605 

0.26000 

9.3666 

0.40118 

0.26300 

34.052 

2.0959 

0.25300 

22.797 

0.041355 

0.21700 

7.1922 

0.47918 

0.19000 

12.308 

7.8873 

0.14900 

5.5295 

4.1187 

0.21900 
0.25400 
0.27700 
0.0000 
038500 
0.34000 
0.23900 
0.18500 
0.083000 
0.13000 
0  23300 
0.15900 
0.11800 
0.11400 
0.42600 
0.0000 
0.0000 
0.28700 
0.0000 
0.0000 


7.7038 
14.611 
11.541 
0.54117 
2.8435 
8.5352 
27.913 
15.378 
8.7271 
1 1.285 
34.052 
10.006 
10.390 
8.4713 
7.3201 
13.715 
1.3086 
21.773 
0.13187 
5.2737 


0.49540 
0.15154 
2.1287 
0.29286 
4  6507~ 
12.005 
1-9961 
15.040 
32.800 
27.933 
6.5141 
12.293 
29.051 
19.992 
32.261 
188.11 
1.7124 
10.411 
0.017391 
27.811 
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Thursday,  November  6  1:57  PM  1997 


n 

Pin 

Column 

Row 

Z-bar 

Depth 

Z  error  D  error 

D/Z 

D-fit 

(D-Dfit)A2 

63n3  1 

Mjiiiiiiai 

KEfflll 

121.00 

33.000 

1.0000 

1 .0000 

0.27300 

30.471 

6.3961 

53 

WM 

4.0000 

29.500 

10.000 

5.0000 

1.0000 

0.33900 

7.0643 

8.6182 

54 

6.0000 

4.0000 

25.500 

7.0000 

6.0000 

1.0000 

0.27500 

6.0411 

0.91952 

55 

6.0000 

5.0000 

5.0000 

0.0000 

2.5000 

1 .0000 

0.0000 

0.79698 

0.63518 

58p4 

6.0000 

2.0000 

69.000 

23.000 

2.0000 

1.0000 

0.33300 

17.169 

34.003 

EH 

58n3 

6.0000 

1 .0000 

49.000 

9.0000 

2.0000 

1.0000 

0.18400 

12.053 

9.3185 

58 

58p13 

6.0000 

2.0000 

20.000 

4.0000 

4.0000 

1 .0000 

0.20000 

4.6341 

0.40212 

37.000 

8.0000 

2.0000 

1.0000 

0.21600 

8.9829 

0.96609 

59.000 

13.000 

0.22000 

14.611 

2.5944 

if?'® 

3.0000 

0.44400 

6.4248 

31.083 

63n2 

5.0000 

65.000 

20.000 

1 .0000 

1.0000 

0.30800 

63 

110.00 

35.500 

1.0000 

1.0000 

0.32300 

64 

■bbsem 

74.500 

12.000 

2.0000 

1 .0000 

0.16100 

\wm 

57n2 

7.5000 

2.0000 

12.000 

2.5000 

2.0000 

1.0000 

0.20800 

2.5877 

0.0076825 

66 

i^iib 

30.000 

11.000 

7.1922 

14.499 

67 

17.000 

2.0000 

3.8667 

3.4846 

7.7500 

0.0000 

2.5000 

1.50051 

2.2514 

■3S1 

7.5000 

5.0000 

19.500 

2.0000 

2.0000 

1 .0000 

0.10300 

7.5000 

5.0000 

77.000 

27.500 

1.0000 

1.0000 

0.35700 

r^r 

Rjjsa 

7.5000 

5.0000 

74.000 

23.000 

2.0000 

1.0000 

0.31100 

Id 

7.5000 

5.0000 

22.500 

6.0000 

3.0000 

5.2737 

El 

SEMI 

7.5000 

5.0000 

19.250 

5.0000 

1 .0000 

74 

8.0000 

2.0000 

34.000 

12.500 

2.0000 

1 .0000 

0.36800 

8.2155 

18.357 

75 

I'lfH 

8.0000 

5.0000 

22.500 

2.0000 

1.0000 

0.15600 

5.2737 

3.1459 

76 

8.0000 

4.0000 

30.500 

10.000 

2.5000 

1 .0000 

0.32800 

7.3201 

7.1817 

77 

9.0000 

7.0000 

8.0000 

1  WEm 

0.0000 

~78~ 

mm 

9.0000 

7.0000 

41.000 

15.000 

1.0000 

0.36600 

10.006 

24.939 

79 

Unri 

9.0000 

6.0000 

7.7500 

0.0000 

■ 

1 .0000 

0.0000 

1.5005 

2.2514 

~80~ 

mm 

mmm 

6.0000 

31 .500 

12.000 

1 .0000 

1.0000 

0.38100 

WKEm 

81 

57p1 

9.0000 

6.0000 

15.000 

17.000 

3.0000 

1 .0000 

1.1330 

3.3551 

186.18 

82 

59n1 

9.0000 

4.0000 

8.0000 

0.0000 

0.50000 

1 .0000 

0.0000 

1.5644 

2.4474 

83 

57n12 

9.0000 

3.0000 

22.000 

8.0000 

2.0000 

1.0000 

0.36400 

5.1458 

8.1467 

84~ 

57pV  9.0000 

6.0000 

24.000 

17.000 

1 .0000 

1 .0000 

0.70800 

5.6574 

128.66 

59 


Fig.  C5.  Wear  at  low  velocity,  low  current;  all  rows  and  columns. 


60 


Axial  Distance,  cm 


Fig.  C6.  Wear  at  low  velocity,  low  current;  all  rows,  inner  column 


Wear  At  Low  Velocity  ,  Low  Current 
All  Rows,  All  Columns 

rarer 


Minimum 

0.023346262 

Maximum 

78.271622 

Sum 

671.17887 

Points 

53 

Mean 

12.663752 

Median 

6.0378084 

RMS 

21.396228 

Std  Deviation 

17.411138 

Variance 

303.14772 

Std  Error 

2.3916037 

Skewness 

2.1598554 

Kurtosis 

4.8499061 

(MCL  71,76) 


Regression  depth  =  0.55833  +  0.1 9973z ;  R  -0.81658 

Standard  Error  Sy  =  [(D-Dfit]2/N]1/2  =  [671 .177887/  53]1/2  =  3.56 
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Thursday,  November  6  6:44  PM  199? 


Pin 

Column 

76p9 

1.0000 

76p8 

1.0000 

71  n7 

1.0000 

71  n6 

1.0000 

76n8 

1 .0000 

76n9 

1.0000 

71  p6 

1.0000 

7 

71  p7 

1.0000 

8 

71  n8 

2.0000 

m 

71n5 

2.0000 

■EIBEl 

2.0000 

H3E1BK1££II 

■El 

2.0000 

14 

15 

msm 

76p4 

32  I  71  nil 

33  I  71  pi  1 
71  p2 
76n13 
76n4 
71n12 
7 1  pi  2 
76n3 
76p14 

41  |76p3 

42  76n14 

43  7 1  pi 
71 M 
76n15 
76n2 
76p1 5 
76p2 
76p1 
76n1 6 
76n1 


3.0000  ! 
3.0000  ! 
3.0000 


Row 


7.0000 
7.0000 
7.0000 
7.0000 
8.0000 
8.0000 
8.0000 
8  0000 
5.0000 
5.0000 


6.0000 


6.0000 

6.0000 


6.0000 


5.0000 

5.0000 


4.0000 

4.0000 

3.0000 


Z-bar 


101.50 

49.500 

38.500 
15.000 
75.000 
115.00 
35.000 

45.750 
23.000 

44.500 
~26~250 

33.500 
53.000 


117.50 


61.500 

56.000 


26.750 

~57.500 

47.000 


Depth 


19.000 

6.5000 

8.0000 

1.0000 

12.300 

21.300 
4.0000 
5.0000 
4.0000 
10.000 
5.0000 
8.0000 

14.500 


25.000 

18.000 

17.000 

~77500 

14.500 

13.000 


Z  error 


4.0000 
1 .0000 

3.5000 

2.5000 

6.5000 
2.0000 
1.0000 

1 .3000 
1.0000 
1 .0000 

1 .3000 
1.0000 
1.0000 


3.5000 


1.5000 

1.0000 


1 .0000 
2.5000 
2.0000 


D  error 


1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1 .0000 
1  ^0000 
1.0000 
1 .0000 
1 .0000 
1.0000 
1.0000 


1.0000 


1.0000 

1.0000 


1.0000 
1 .0000 
1 .0000 


D/Z 

D-fit  | 

0.18700 

IEE3I 

0.13100 

h 

0.20800 

8.2479 

0.067000 

3.5543 

0.16300 

15.538 

0.18500 

23.527 

0.11400 

7.5489 

0.10900 

9.6960 

0.17400 

5.1521 

0.22500 

9.4463 

0.19000 

5.8012 

0.23900 

7.2493 

0.27400 

11.144 

0.21300 

24.027 

0.29300 

0.30400 

5.9011 

12.043 

9.9456 


0.061472 

6.5243 


10.485 


4.9608 

12.595 


22.052 


1 .3274 
0.30657 


0.64199 


0.56357 
1 1 .263 


0.94750 
608 
634 


3.4184 

6.0378 

9.3291 


76p1 1 

87.000 

21.000 

1.0000 

1 .0000 

0.24100 

17.935 

mm 

64.500 

8.0000 

2.5000 

1 .0000 

0.12400 

13.441 

3 

mm 

28.750 

6.0000 

1.0000 

1 .0000 

0.20900 

6.3006 

3.0000 

4.0000 

79.500 

21.000 

1.0000 

1.0000 

0.26400 

16.437 

20.822 

71n 

■ 

3.0000 

3.0000 

19.500 

0.50000 

1.0000 

1.0000 

0.026000 

4.4531 

15.627 

71p 

M 

4.0000 

2.0000 

47.250 

8.0000 

1 .3000 

1 .0000 

0.16900 

9.9956 

3.9823 

4.0000 
4.0000 
4.0000 
4.0000 
4.0000  ' 
6.0000  j 
6.0000 
6.0000 
6.0000 
6.0000 
6  0000 
6. 0000 
7.0000 
7.0000 
7.0000 
7.0000 
7.0000 
7.0000 
7.0000 
7.0000 

7.5000 

7.5000 

7.5000 

7.5000 
9.0000 
9.0000 
9.0000 


2.0000 

1.0000 

1.0000 

2.0000 

2.0000 

8.0000 

8.0000 

8.0000 

4.0000 

4.0000 

4.0000 

4.0000 

8.0000 

6.0000 

6.0000 

3.0000 

3.0000 

6.0000 

6.0000 

6.0000 

2.0000 

2.0000 

2.0000 

2.0000 

8.0000 

8.0000 

8.0000 


39.750 
84.000 
49.000 
54.000 

~62,000 

117.00 

64.000 

29.000 

40.500 

41.500 

37.500 
49.000 

37.500 
29.000 
74.000 
51.000 

20.500 

36.500 
32.000 
29.000 
27.000 

18.500 
37.000 

35.750 

39.500 

18.500 

30.500 


5.0000 
16.000  ~ 
10.000 
12.000  ~ 

14.500  ~ 

17.500 
12.000 
3.0000 
0.0000 
0.0000 

12.500 
17,000 
6.0000 
8.0000 
22  000 

15.500 

4.5000 
12.000 
10.000 
7.0000 

8.5000 

3.5000 
9.2500 
13.000 
8.0000 

~3  2500 
7.0000 


1 .3000 

1.5000 
3.0000 

1 .5000 
~ 1 ,0000 

2.5000 

1.5000 
1.0000 
1.0000 

2.5000 
1.0000 

1.5000 

1.5000 
1.0000 

1.5000 

1.5000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

1.5000 


1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1 .0000 
1.0000 
1.0000 
1.0000 
1.0000 
JLOOOO 
1 .0000 
1.0000 
1.0000 
1 .0000 
1.0000 
1.0000 
1.0000 


0.12600 

0.19000 

0.20400 

0.22200 

0.23400 

0.15000 

0.18800 

0.10300 

0.0000 

0.0000 

0.33300 

0.34700 

0.16000 

0.27600 

0.29700 

0.30400 

0.22000 

0.32900 

0.31300 

0.24100 

0.31500 

0.18900 

0.25000 

0.36400 

0.20300 

0.17600 

0.23000 


8.4976 

17.336 

10.345 

1 1 .344 
12.942 
23.927 
13.341 
6.3505 
8.6474 
8.8471 

~Q04Q2 

10.345 
8.0482 

1T.3505 

15.338 

10.745 

4.6528 

7.8485 

6.9497 

6.3505 

5.9510 

4.2533 

7.9483 

7.6987 

8.4477 

4.2533 

6.6501 


12.233 

1.7840 

0.11909 


0.43066 

2.4286 

41.303 


I. 7984 

II. 226 
74.777 
78.272 
19.818 
44.288 
4.1951 
2.7208 
44.378 
22.614 

0.023346 

17.235 

9.3044 

0.42185 

6.4972 

0.56751 

1.6943 

28.104 

0.20040 

1.0067 

0.12243 
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Pin 

Column 

Row 

Z-bar 

Depth 

Z  error 

D  error 

D/Z 

D-fit 

(D-Dfit)A2 

m 

76p16 

9.0000 

8.0000 

23.000 

[  4.5000 

1.5000 

1.0000 

0.19600 

5.1521 

0.42526 

65 


Wear  At  High  Velocity  ,  Normal  Current  (MCL  73) 
All  Rows,  All  Columns 


Minimum 

0.00034569349 

Maximum 

72.524445 

Sum 

262.95427 

Points 

22  ' 

Mean 

11.952467 

Median 

3.6540018 

RMS 

22.663616 

Std  Deviation 

19.708733 

Variance 

388.43414 

Std  Error 

4.2019159 

Skewness 

2.0762386 

Kurtosis  3.2218084 

Regression  depth  =  -0.057152  +  0.22608z ;  R  -  0.88665 

Standard  Error  S,  =  [(D-Dfltf/N]’'2  =  [262.95427/  22]“  =  3.46 
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Page  #1  -“MCL73.dat” 


Friday,  November  7  1 1 : 1 2  AM  1 997 


Pin 

Column 

Row 

Z-bar 

Depth 

Z  error 

D  error 

D/Z 

D-fit 

(D-Dfit)A2 

0 

1.0000 

7.0000 

9.0000 

0.0000 

0.0000 

1.0000 

0.0000 

1.9776 

3.9108 

1 

1.0000 

7.0000 

76.000 

16.000 

4.0000 

1 .0000 

0.21100 

17.125 

1.2655 

E 

1.0000 

7.0000 

62.000 

13.000 

1.0000 

1 .0000 

0.21000 

13.960 

0.92123 

E 

1.0000 

7.0000 

8.5000 

0.0000 

1.0000 

1.0000 

0.0000 

1.8645 

3.4765 

B 

73n8 

1.5000 

6.0000 

16.500 

2.0000 

3.5000 

1.0000 

0.12100 

3.6732 

2.7995 

E 

2.0000 

5.0000 

91.000 

12.000 

0.0000 

1.0000 

0.13200 

20.516 

72.524 

m 

2.0000 

6.0000 

2.3000 

0.0000 

0.0000 

1 .0000 

0.0000 

0.46283 

0.21421 

m 

5.0000 

107.00 

48.500 

1.0000 

1 .0000 

0.45300 

8 

MtSSiM 

3.0000 

4.0000 

105.50 

27.500 

0.0000 

1.0000 

0.26100 

23.794 

13.732 

9 

UJ|3| 

3.0000 

4.0000 

20.000 

10.500 

6.0000 

1.0000 

0.52500 

4.4644 

36.428 

10 

73n10 

3.0000 

3.0000 

69.500 

14.500 

1 .0000 

1 .0000 

0.20900 

1.3350 

11 

73n4 

3.0000 

3.0000 

82.000 

18.500 

1.0000 

1 .0000 

0.22600 

18.481 

0.00034569 

12 

73n1 1 

4.0000 

1.0000 

51.000 

6.5000 

1.0000 

1.0000 

0.12700  ! 

1 1 .473 

24.730 

is 

73p10 

4.0000 

2.0000 

58.000 

10.000 

1.0000 

1 .0000  i 

0.17200 

13.055 

9.3360 

ID 

4.0000 

2.0000 

82.500 

18.500 

0.0000 

1 .0000 

0.22400 

18.594 

0.0089204 

is 

6.0000 

6.0000 

2.3000 

0.0000 

0.0000 

1.0000 

0.0000 

0.46283 

0.21421 

is 

73n12 

6.0000 

7.0000 

49.000 

12.500 

1.0000 

1 .0000 

0.25500 

11.021 

2.1881 

17 

6.0000 

6.0000 

57.500 

17.000 

1.0000 

1.0000 

0.29600 

12.942 

16.464 

18 

6.0000 

7.0000 

40.250 

11.000 

1.0000 

1 .0000 

0.27300 

9.0426 

3.8315 

19 

73p12 

7.5000 

2.0000 

45.000 

8.0000 

1.0000 

1.0000 

0.17800 

10.116 

4.4794 

20 

7.5000 

4.0000 

72.500 

24.000 

1.5000 

1.0000 

0.33100 

16.334 

58.773 

21 

I 

7.5000 

2.0000 

40.000 

1 1 .000 

1.0000 

1 .0000 

0.27500 

8.9860 

4.0560 

m 

73n1 

7.5000 

4.0000 

42.250 

1 1 .000 

1.5000 

1.0000 

0.26000 

9.4947 

2.2658 

70 


Pin  Depth,  mils 


Fig.  Cll.  Wear  at  normal  velocity,  low  current;  all  rows  and  columns. 
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Wear  At  Normal  Velocity  ,  Low  Current  (MCL  75) 
All  Rows,  All  Columns 


t  -  -  \j 

(D-Dfit)z  § 

Minimum 

0.0043500834 

Maximum 

10.674854 

Sum 

60.623363 

26 

Mean 

2.3316678 

Median 

1.1328982 

RMS 

3.7075594 

Std  Deviation 

2.9396759 

Variance 

8.6416947 

Std  Error 

0.57651788 

Skewness 

1.3597108 

1.0692865 

Regression  depth  =  -0.2086  +  0.20431z ;  R  =  0.95863 

Standard  Error  Sy  =  [(D-Dfit]2/N]1/2  =  [60.623363/  26]1/2  =  1 .57 
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Friday,  November?  11:50  AM  1997 


“1 

Pin 

Column 

Row 

Z-bar 

Depth 

Z  error 

D  error 

D/Z 

D-fit 

(D-Dfit)A2 

1.0000 

2.0000 

42.500 

7.0000 

1.0000 

1.0000 

0.16500 

8.4746 

2.1744 

1.0000 

2.0000 

77.000 

13.800 

1.0000 

1.0000 

0.17900 

15.523 

2.9697 

1 .0000 

7.0000 

33.000 

4.5000 

1.5000 

1.0000 

0.13600 

6.5336 

4.1357 

75p7 

1.0000 

7.0000 

2.3000 

0.0000 

0.0000 

1.0000 

0.0000 

0.26131 

0.068284 

75n8 

2.0000 

4.0000 

56.000 

14.500 

1.0000 

1.0000 

0.25900 

11.233 

10.675 

75p6 

2.0000 

5.0000 

50.500 

10.500 

1.5000 

1.0000 

0.20800 

10.109 

0.15284 

6 

75p9 

2.0000 

5.0000 

29.000 

6.0000 

2.0000 

1 .0000 

0.20700 

5.7164 

0.080435 

7 

2.0000 

4.0000 

76.000 

13.000 

1.0000 

1.0000 

0.17100 

15.319 

5.3776 

8 

2.5000 

4.0000 

24.000 

4.5000 

3.0000 

1 .0000 

0.18800 

4.6948 

0.037963 

9 

ESSI 

4.0000 

108.50 

22.500 

1.0000 

1.0000 

0.20700 

21.959 

0.29264 

10 

3.0000 

31.250 

6.0000 

1 .0000 

1.0000 

0.19200 

6.1761 

0.031007 

11 

75n9 

3.0000 

6.0000 

60.000 

15.000 

1.0000 

1 .0000 

0.25000 

12.050 

8.7025 

12 

75n4 

3.0000 

6.0000 

40.500 

9.5000 

1.5000 

1.0000 

0.23500 

8.0660 

2.0565 

13 

75p1 1 

3.0000 

40.500 

8.0000 

1.5000 

1.0000 

0.19800 

8.0660 

0.0043501 

14 

75n3 

3.0000 

0.0000 

0.0000 

1 .0000 

0.0000 

0.40433 

0.16348 

15 

4.0000 

8.0000 

44.250 

6.5000 

1.3000 

1.0000 

0.14700 

8.8321 

5.4388 

16 

4.0000 

1.0000 

38.000 

5.0000 

7.0000 

1 .0000 

0.13200 

7.5552 

6.5289 

17 

4.0000 

1.0000 

0.20000 

0.0000 

0.0000 

1.0000 

0.0000 

-0.16774 

0.028136 

18 

6.0000 

5.0000 

22.000 

3.5000 

1.0000 

1.0000 

0.15900 

4.2862 

0.61814 

19 

6.0000 

5.0000 

29.000 

7.0000 

1.5000 

1 .0000 

0.24100 

5.7164 

1 .6477 

20 : 

6.0000 

4.0000 

28.000 

7.0000 

1.0000 

1.0000 

0.25000 

5.5121 

2.2139 

21 

6.0000 

4.0000 

1.5000 

0.0000 

0.0000 

1.0000 

0.0000 

0.097865 

0.0095776 

22 

7.0000 

6.0000 

30.250 

8.0000 

1.3000 

1.0000 

0.26400 

5.9718 

4.1137 

23 

7.0000 

6.0000 

27.500 

7.0000 

1.0000 

1.0000 

5.4099 

2.5283 

24 

7.5000 

2.0000 

2.5000 

0.0000 

0.0000 

1.0000 

0.30217 

0.091310 

m 

75n12 

7.5000 

2.0000 

24.000 

4.0000 

1.0000 

1 .0000 

0.16700 

4.6948 

0.48280 
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C16.  Wear  at  to.  velocity,  htgh  current;  a«  rows,  outer  columns 


Wear  At  Low  Velocity  ,  High  Current  (MCL  84,88) 
All  Rows,  All  Columns _ 


Minimum 

0.00016282174 

Maximum 

44.367325 

Sum 

316.52761 

Points 

46 

Mean 

6.8810349 

Median 

3.2371603 

RMS 

1 1 .525754 

Std  Deviation 

9.3484883 

Variance 

87.394234 

Std  Error 

1.3783594 

Skewness 

2.4441355 

Kurtosis 

6.6190506 

Regression  depth  =  -0.53444  +  0.23868z ;  R  -0.9136 

Standard  Error  Sy  =  [(D-Dfit]2/N]1/2  =  [316.52761/  46]1/2  =  2.62 
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Thursday,  November  6  4:20  PM  1997 


Pin 

Column 

Row 

Z-bar 

Depth 

Z  error 

D  error 

D/Z 

D-fit 

(D-Dfit)A2 

0 

84n1 

7.0000 

5.0000 

51.250 

18.000 

1.0000 

1.0000 

0.35100 

11.698 

39.716 

1 

84n2 

6.0000 

6.0000 

22.500 

4.0000 

1.5000 

1 .0000 

0.17800 

4.8359 

0.69866 

84n3 

4.0000 

7.0000 

32.750 

7.0000 

1.8000 

1.0000 

0.21400 

7.2823 

0.079710 

84n4 

3.0000 

6.0000 

67.500 

16.000 

1.0000 

1 .0000 

0.23700 

15.576 

0.17939 

rn 

84n5 

2.0000 

4.0000 

48.000 

8.0000 

1 .0000 

1.0000 

0.16700 

10.922 

8.5393 

84n6 

1 .0000 

2.0000 

49.000 

4.5000 

1.0000 

1.0000 

0.092000 

11.161 

44.367 

84n7 

1.0000 

2.0000 

33.500 

4.5000 

1.0000 

1.0000 

0.13400 

7.4613 

8.7695 

84n8 

2.0000 

4.0000 

18.000 

2.0000 

1 .0000 

1.0000 

0.11100 

3.7618 

3.1039 

8 

mm 

3.0000 

6.0000 

40.000 

9.0000 

1.0000 

1 .0000 

0.22500 

9.0128 

0.00016282 

9 

mm 

4.0000 

7.0000 

60.500 

17.000 

1 .0000 

1.0000 

0.28100 

13.906 

9.5747 

10 

6.0000 

22.000 

5.0000 

1.0000 

1.0000 

0.22700 

4.7165 

0.080361 

11 

■ 

8.0000 

7.0000 

3.0000 

1.0000 

1.0000 

0.37500 

im^^i 

iHRSIlEI 

12 

7.0000 

5.0000 

Huns 

7.5000 

1 .0000 

1.0000 

0.28300 

Bum 

13 

| 

3.0000 

23.000 

1.0000 

1 .0000 

0.27500 

19.395 

3 

14 

■i 

3.0000 

HEI1113 

HUS 

■H 

12.235 

13.950 

15 

EDI 

5.0000 

■2E3 

RJ 

■ED 

14.144 

2.7040 

m 

84p7 

1.0000 

7.0000 

43.000 

9.0000 

1.0000 

1.0000 

0.20900 

9.7288 

0.53115 

17 

84p8 

1.0000 

7.0000 

45.000 

10.000 

2.0000 

1 .0000 

0.22200 

10.206 

0.042502 

18 

84  p9 

2.0000 

5.0000 

90.000 

22.000 

1.0000 

1.0000 

0.24400 

20.947 

1.1093 

19 

84p10 

3.0000 

3.0000 

80.000 

17.000 

1 .0000 

1.0000 

18.560 

2.4335 

20 

2.0000 

42.000 

5.5000 

1.0000 

1 .0000 

0.13100 

9.4901 

21 

3.0000 

65.000 

14.500 

1.0000 

1.0000 

0.22300 

14.980 

22 

84p14 

8.0000 

7.0000 

13.000 

4.0000 

1.0000 

1.0000 

0.30800 

2.5684 

2.0495 

23 

7.5000 

7.0000 

33.000 

10.000 

1 .0000 

1.0000 

0.30300 

7.3420 

7.0650 

24 

3.0000 

29.000 

5.5000 

1.0000 

1.0000 

0.19000 

6.3873 

0.78727 

25 

4.0000 

2.0000 

49.000 

8.0000 

1.0000 

1.0000 

0.16300 

11.161 

9.9912 

26 

3.0000 

3.0000 

93.500 

21.500 

1.0000 

1.0000 

0.23000 

21.782 

0.079603 

27 

88n5 

2.0000 

5.0000 

89.000 

21.000 

1.0000 

1 .0000 

0.23600 

20.708 

0.085217 

28 

88n6 

1.0000 

7.0000 

95.000 

23.000 

1 .0000 

1.0000 

0.24200 

22.140 

0.73933 

29 

88n7 

1 .0000 

7.0000 

72.500 

19.000 

1.0000 

1.0000 

0.26200 

16.770 

4.9735 

30 

88n8 

2.0000 

5.0000 

80.500 

18.000 

1.0000 

1 .0000 

0.22400 

18.679 

0.46145 

31 

88n9 

3.0000 

3.0000 

93.000 

22.000 

1.0000 

1.0000 

0.23700 

21.663 

0.11370 

32 

88n10 

4.0000 

2.0000 

52.000 

8.0000 

1.0000 

1.0000 

0.15400 

11.877 

15.031 

33 

88n12 

7.5000 

7.0000 

25.000 

10.000 

1.0000 

1.0000 

0.40000 

5.4326 

20.862 

Id 

88p1 

7.0000 

4.0000 

22.000 

4.5000 

2.0000 

1.0000 

0.20500 

4.7165 

0.046881 

Id 

88p2 

6.0000 

5.0000 

32.500 

10.000 

1.0000 

1.0000 

0.30800 

7.2227 

7.7136 

36 

88p3 

4.0000 

7.0000 

47.000 

13.000 

1.0000 

1.0000 

0.27700 

10.684 

5.3661 

37 

88p4 

3.0000 

5.0000 

85.500 

22.000 

1.0000 

1.0000 

0.25700 

19.873 

4.5254 

id 

88p5 

2.0000 

3.0000 

68.500 

12.000 

1.0000 

1.0000 

0.17500 

15.815 

14.555 

39 

88p6 

1.0000 

2.0000 

22.500 

3.0000 

2.0000 

1 .0000 

0.13300 

4.8359 

3.3704 

40 

88p7 

1.0000 

2.0000 

23.500 

2.0000 

2.0000 

1 .0000 

0.085000 

5.0745 

9.4528 

41 

88p8 

2.0000 

3.0000 

89.000 

18.000 

1.0000 

1.0000 

0.20200 

20.708 

7.3337 

42 

88p9 

3.0000 

5.0000 

37.500 

10.000 

5.0000 

1.0000 

0.26700 

8.4161 

2.5089 

43 

88p10 

4.0000 

7.0000 

65.000 

17.500 

1.0000 

1.0000 

0.26900 

14.980 

6.3516 

44 

88p1 1 

6.0000 

4.0000 

44.000 

14.000 

1.0000 

1.0000 

0.31800 

9.9675 

16.261 

45 

88p1 2 

7.0000 

3.0000 

29.500 

9.0000 

1.0000 

1.0000 

0.30500 

6.5066 

6.2169 
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Appendix  D 

Wear  Data  Plotted  as  a  Function  of  Location  on  Armature 


Appendix  D  contains  results  of  the  wear  tests,  plotted  to  show  how  wear  varies  with  location 
on  the  armature  face.  Ideally,  this  appendix  would  contain  a  scatter  plot  for  each  unique  pad 
location  (16  locations,  given  the  symmetry  about  the  centerline  of  the  armature).  However, 
three  peripheral  pad  locations  (outer  columns  at  rows  1, 7  and  8)  did  not  yield  usable  wear  pin 
measurements.  This  is  consistent  with  the  high  degree  of  skin-effect  heating  (and  thus  soft¬ 
ening)  predicted  by  the  3D  EM-FEA  calculations  at  these  locations  on  the  KJ202  armature. 

Results  from  all  ten  experiments  are  included  in  the  plots,  in  spite  of  the  fact  that  there  were 
slight  variations  in  current  and  velocity  among  the  tests.  This  is  in  keeping  with  the  conclu¬ 
sion,  presented  in  Appendix  C,  that  variations  in  wear  were  small  compared  to  the  scatter 
inherent  in  the  measurements. 


(Leading 
Edge) 

8 
7 
6 
5 
4 

3 
2 

1  (Trailing 
Edge) 

Fig.  Dl.  Coordinate  system  used  for  designating  pin  locations  on  armature  face. 
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Pin  Depth,  mils 


Fig.  D2.  Wear  for  row  1,  columns  1-4. 
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Fig.  D3.  Wear  for  row  2,  columns  1-4. 
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Pin  Depth,  mils 


Pin  Depth,  mils  P'n  Depth,  mils 


Fig.  D12.  Wear  for  row  6,  columns  6-9. 


Wear  for  Row  7,  Columns  1-4 
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Fig.  D13.  Wear  for  row  7,  columns  1-4 
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Fig.  D14.  Wear  for  row  8,  columns  1-4. 
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